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which is often the missing link in the current discussion on ‘making wastewater an asset’.
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Wastewater use for agricultural irrigation can have multiple beneﬁts for almost 
all countries, but it is particularly beneﬁcial and cost-effective in low-income arid 
and semi-arid countries. In such areas additional low-cost water resources can 
have a high payoff in human welfare and health, with increased possibilities for 
food production and increased employment opportunities for poor population 
groups living in the peripheries of towns and cities, which are the source of 
copious wastewater streams. However, in humid areas of low- and middle-income 
countries, wastewater ﬂows from large urban areas are untreated and laden with 
the full spectrum of excreted bacterial, viral, protozoan, and helminthic pathogens 
endemic in the community, thus presenting a serious health risk when entering 
water sources used for irrigation.
Assessing and mitigating the health risks to the farmers themselves, to 
population groups residing in the immediate vicinity and to the public who may 
consume contaminated wastewater-irrigated crops is the subject of this important 
book. Over the past 150 years opinions have varied widely as to the beneﬁts and 
health risks associated with wastewater irrigation. In the earliest period there were 
the idealistic conservationists such as Victor Hugo, who in 1868 enthusiastically 
promoted use of the sewage of Paris, which, if returned to the land, ‘should sufﬁce 
to nourish the world’.1 The Royal Commission on the Sewage of Towns, 1857–65, 
in the United Kingdom gave its ofﬁcial blessing to land disposal of wastewater in 
order to prevent river pollution.2 Both are worthy goals to this day. There was little 
thought given to any problems of disease transmission or regulations in those early 
days, only to the beneﬁts.
However, this changed in the 1880s when Louis Pasteur and Robert Koch 
discovered pathogenic microbes and the mode of disease transmission. The 
industrialized and developed countries of the world took on an almost obsessive 
fear of disease transmission by pathogen-laden wastewater and developed strict, 
often irrational and, most of all, needlessly costly health guidelines and standards 
for use, such as those promulgated in California in 19183 and 1933 and made 
even stricter by the US Environmental Protection Agency and the US Agency for 
International Development in 1992.4 These standards, copied by many countries xvi  WASTEWATER IRRIGATION AND HEALTH
around the world, required wastewater to essentially meet the microbial quality 
of drinking water for the irrigation of edible crops, despite the fact that few river 
waters used for irrigation could actually meet such a quality. They were aimed at 
being ‘fail-safe’ and ‘zero-risk’ and had little or no scientiﬁc or epidemiological basis 
to back them up. Meeting those standards was very expensive and required high-
tech treatment processes suitable only to the economies and technical infrastructure 
of industrialized countries. Such overly strict and irrational standards often placed 
a needless barrier on wastewater use, particularly in low-income countries.
The prominent authors of this book – physical and social scientists, engineers, 
public-health experts and policy-makers from around the world – represent a 
new, pioneering school of thought in assessing the risks of wastewater use, based, 
for the ﬁrst time, on rigorous scientiﬁc methods such as quantitative microbial 
risk assessment. Their chapters introduce innovative methods of risk analysis and 
new considerations of cost-effectiveness and social adoption, and for the ﬁrst 
time place the recommended health guidelines for wastewater use on a rational, 
meticulous, scientiﬁc epidemiological basis. They have also introduced for the 
ﬁrst time humanitarian and social considerations of the health, social welfare and 
environmental beneﬁts of wastewater irrigation in balance with the associated 
risks, particularly in low-income settings, but applicable to all countries. The 
methods and strategies for control and mitigation of risks presented in this book 
are important and innovative, based on worldwide scientiﬁc and engineering know-
how and practical experience. The World Health Organization has led the way 
in sponsoring much of the research on more liberal, cost-effective and innovative 
approaches that will support its current and future Guidelines for the Safe Use of 
Wastewater, Excreta and Greywater. 
The social, economic and health values of more food, better nutrition and 
employment as by-products of wastewater irrigation have been incorporated in 
the delicate matrix of weights and balances in determining health guidelines and 
standards. This book represents the best modern and innovative thinking on the 
topic and symbolizes an important turning point in the history of wastewater use 
in irrigation as a major contributor to water and nutrient conservation, public 
health and social welfare. 
Professor Hillel Shuval, DSc   
Head, Department of Environmental Health Sciences,   
Hadassah Academic College, and   
Emeritus Professor of Environmental Sciences,   
Hebrew University, Jerusalem, IsraelFOREWORD  xvii
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This book is written for practitioners, researchers and graduate students in 
environmental and public health, sanitary and agricultural engineering, and 
wastewater irrigation management in developing countries. In particular, it should 
be useful for all those working to assess and mitigate health risks from the use of 
wastewater and faecal sludge in agriculture, under conditions where wastewater 
treatment is absent or inadequate to safeguard public health. In this respect, the 
book builds on and complements the international Guidelines for the Safe Use 
of Wastewater, Excreta and Greywater published in 2006 by the World Health 
Organization in collaboration with the Food and Agriculture Organization of the 
United Nations and the United Nations Environment Programme.
The book adds new data on the cost-effectiveness of treatment and post-
treatment measures for health-risk reduction, discusses ways to facilitate behaviour-
change towards safer practices and adds new dimensions to reuse-oriented 
governance of wastewater.
The overall sequence of sections addresses key issues concomitant with 
wastewater irrigation in developing countries (risk assessment, risk mitigation, 
wastewater use governance), while the individual chapters aim at concise 
information primarily on microbiological but also chemical risks. The authors link 
water and health to the establishment and implementation of effective, affordable 
and efﬁcient options for risk reduction. Targeting developing countries, the book 
also tries to address situations where legislation and institutional capacities are 
constraints and where the availability of data for risk assessments is limited. We 
expect that the book will inﬂuence further applied multidisciplinary research on 
wastewater use related risk and its mitigation.
This volume would not have been possible without the support of the 
International Development Research Centre and the Google Foundation. 
Numerous other funding bodies supported work presented in individual chapters. 
Special acknowledgement is due to the Challenge Program on Water and Food of 
the Consultative Group on International Agricultural Research, the World Health 
Organization, and the Food and Agriculture Organization of the United Nations 
for their continued support.
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Wastewater, Sludge and Excreta 
Use in Developing Countries:  
An Overview
Blanca Jiménez, Pay Drechsel, Doulaye Koné, Akiça Bahri,  
Liqa Raschid-Sally and Manzoor Qadir
ABSTRACT
After introducing terms and terminology of wastewater, sludge and excreta use, the 
chapter highlights their global drivers and signiﬁcance using examples from different 
parts of the developing world. It is useful in the discussion to differentiate between 
unplanned use of wastewater resulting from poor sanitation, and planned use which 
tries to address matters such as economic or physical water scarcity. Both types of 
wastewater use can have signiﬁcant socio-economic beneﬁts but also institutional 
challenges and risks which require different management approaches and, ideally, 
different guidelines. This diversity makes the current WHO Guidelines, which try 
to be global in nature, complex to understand and apply. Whilst planned reuse 
will remain the norm in countries that can afford treatment, most countries in 
the developing world are likely to continue to use non- or only partially treated 
wastewater, for as long as sanitation and waste disposal are unable to keep pace with 
urban population growth. However, there are options to link urban faecal sludge 
and wastewater management with urban food demands or other forms of resource 
recovery that provide opportunities to safely close the nutrient and water loops.4  SETTING THE STAGE
INTRODUCTION
Describing the present use of polluted water, excreta and sludge in the agricultural 
practices of developing countries is not an easy task. On the one hand, there 
is a lack of reliable and sufﬁcient information and, on the other, the available 
information does not use uniform terms and units to describe these practices, 
making it difﬁcult to compare data or establish global inventories. The common 
lack of data is in part due to the informal character of the practice or even, in 
some cases, to the intention not to disclose data. This may be done because either 
farmers fear difﬁculties when trading their produce or governments do not want 
to acknowledge what appears to be a malpractice. For these reasons, this chapter 
will ﬁrstly introduce some deﬁnitions of terms that will be used throughout the 
entire book and will secondly analyse existing information from different sources 
BOX 1.1 DEFINITIONS
The term ‘wastewater’ as used in this book covers wastewater of different qualities, 
ranging from raw to diluted, generated by various urban activities:
•  Urban wastewater is usually a combination of one or more of the following which 
makes it polluted water:
–  Domestic efﬂuent consisting of blackwater (excreta, urine and faecal sludge, i.e. 
toilet wastewater) and greywater (kitchen and bathing wastewater)
–  Water from commercial establishments and institutions, including hospitals
–  Industrial efﬂuent where present
–  Stormwater and other urban run-off.
•  Treated wastewater is wastewater that has been processed through a wastewater 
treatment plant up to certain standards in order to reduce its pollution or health 
hazard; if this is not fulﬁlled; the wastewater is considered at best as partially 
treated.
•  Reclaimed (waste)water or recycled water is treated wastewater that can ofﬁcially 
be used under controlled conditions for beneﬁcial purposes such as irrigation.
•  Faecal sludge is the general term for the undigested or partially digested slurry or 
solid that results from the storage or treatment of blackwater in so-called on-site 
sanitation systems such as septic tanks, latrines, toilet pits, dry toilets, unsewered 
public toilets and aqua privies. 
•  Biosolids are treated sludge or the treated by-products of domestic and commercial 
sewage, wastewater and faecal sludge treatment that can be beneﬁcially utilized as 
soil amendment and fertilizer. These residuals are treated to reduce their organic 
matter content, volume and/or mass, the pathogens and the vector attraction 
potential.
Source: Raschid-Sally and Jayakody (2008), modiﬁedWASTEWATER, SLUDGE AND EXCRETA USE IN DEVELOPING COUNTRIES  5
using, for the given reasons, non-standardized methods of reporting. Despite these 
limitations, the descriptions presented are useful to provide an idea of the extent 
of the use of wastewater, excreta and sludge for agricultural practices in low- and 
middle-income countries. 
BACKGROUND
Land application of wastewater, sludge and excreta is a widespread practice with a 
long tradition in many countries around the world. For centuries, farmers in China 
used human and animal excrements as fertilizers. Wastewater and sewage sludge, 
just as manure, have also been used by the northern European and Mediterranean 
civilizations; for instance, wastewater was reused in the 14th and 15th centuries 
in the Milanese Marcites and in the Valencian huertas, respectively (Soulié and 
Tréméa, 1991). In many European and North American cities, wastewater was 
disposed of in agricultural ﬁelds before the introduction of wastewater treatment 
technologies to prevent pollution of water bodies. In Paris, for instance, the use 
of partially treated wastewater was common until the second part of the 1900s 
(Asano et al., 2007). In developing countries like China, Mexico, Peru, Egypt, 
Lebanon, Morocco, India and Vietnam, wastewater has been used as a source of 
crop nutrients over many decades (AATSE, 2004; Jiménez and Asano, 2008). 
Therefore, agricultural use of untreated wastewater has been associated with land 
application and crop production for centuries (Keraita et al., 2008). However, over 
the years, it has become less popular in developed countries with the improvement 
of treatment technologies and increased awareness of the environmental and health 
issues associated with the practice; by contrast, in developing countries, due to a 
variety of factors described later, farmers use it extensively, even drawing advantages 
to improve their livelihoods.
The oldest references to the use of excreta come from some Asian countries, 
where it was used to increase ﬁsh production through aquaculture (World Health 
Organization (WHO), 2006). Sludge management has only recently become 
an issue, even for developed countries, because the densely populated areas are 
producing such large amounts of sludge and excreta that natural assimilation 
into the environment is not possible, while space for stockpiling is limited 
(United Nations Human Settlements Programme (UNHSP), 2008). Moreover, 
management is complex and there is a lack of social support: people prefer to 
ignore what happens to excreta after it is disposed of into latrines – and they are 
uncomfortable if it is brought to their attention, be it in developed or developing 
countries (Snyman, 2008).
This chapter attempts to give an overview of the use of wastewater, excreta 
and faecal sludge in agriculture; to characterize their use, the beneﬁts derived and 
the costs involved, particularly regarding health consequences; and to provide 
perceptions around such uses and perspectives for the future. It is to be noted that 6  SETTING THE STAGE
whilst mention will be made of reclaimed or recycled water, where relevant, the 
main thrust will be on non-treated wastewater. 
EXTENT OF THE USE OF WASTEWATER, EXCRETA AND SLUDGE
In spite of the data limitations mentioned above, an attempt is made, in the 
following sections, to produce a broad picture of the extent of use of wastewater, 


















Figure 1.1  Freshwater withdrawals for agricultural use in the year 2000 and 
countries reporting the use of wastewater or polluted water for irrigation 
Source: World Resources Institute (2000), adding information from Jiménez and Asano (2008); Keraita et al. (2008) and 
UNHSP (2008)
Table 1.1  Some characteristics of countries using wastewater for irrigation
Use of wastewater for 
irrigation
Total number of 
countries
GDP per capita for  
50% of the countries 
(in US$)
Sanitation coverage  
for 50% of the  
countries (in %)
Untreated 23 880–4800 15–65
Treated and untreated 20 1170–7800 41–91
Treated 20 4313–19800 87–100WASTEWATER, SLUDGE AND EXCRETA USE IN DEVELOPING COUNTRIES  7
Wastewater 
In the literature, there is no comprehensive global inventory of the extent of 
non-treated wastewater used for irrigation; actually, none exists even for treated 
wastewater. Based on information from the countries providing data on irrigated 
areas, it is estimated that more than 4–6 million hectares (ha) are irrigated with 
wastewater or polluted water (Jiménez and Asano, 2008; Keraita et al., 2008, 
UNHSP, 2008). A separate estimate indicates 20 million ha globally, an area that 
is nearly equivalent to 7 per cent of the total irrigated land in the world (WHO, 
2006). In contrast, the area reported to be irrigated with treated wastewater 
amounts to only 10 per cent of this value. In practice, due to the under-reporting 
of areas irrigated with polluted water, the difference may be much higher. Two 
decades ago, WHO (1989) estimated that the area using raw wastewater or polluted 
water was 3 million ha; recent data suggest an area six times larger. It cannot be 
determined whether this difference refers to a de facto increase in the area or only 
in available data, but both might be the case, given the increasing amounts of 
wastewater generated as well as urban food needs. 
The resulting agricultural activities are indeed most common in and around 
cities (Drechsel et al., 2006), but can also be seen in rural communities located 
downstream of where cities discharge, unless treatment or self-puriﬁcation processes 
take place. Much of this use is not intentional and is the consequence of water 
sources being polluted due to poor sanitation and waste-disposal practices in cities. 
Raschid-Sally and Jayakody (2008) suggest from a survey across the developing 
world that wastewater without any signiﬁcant treatment is used for irrigation 
purposes in four out of ﬁve cities. 
In terms of volume of wastewater used for various purposes, the quantity varies 
considerably from one country to another. The majority of this is reported to be 
used in developing countries, where 75 per cent of the world’s irrigated land is 
located (United Nations (UN), 2003), with a small amount, even if not expected, 
being used in some developed countries (Jiménez and Asano, 2008). In a new 
review integrating data from Jiménez and Asano (2008) and the UNHSP (2008), 
46 countries report the use of polluted water for irrigation purposes (Figure 1.1). 
Table 1.1 shows a clear increase in GDP and the percentage of improved sanitation 
from countries using untreated to treated wastewater. Countries with middle 
income are those using both types of water, indicating a transition between 
unplanned and uncontrolled reuse to planned and controlled reuse. Countries 
using only treated water for irrigation purposes have sanitation coverage of at least 
87 per cent.
Few studies have quantiﬁed the aggregate contribution of wastewater to food 
supply. In Pakistan, about 26 per cent of national vegetable production is irrigated 
with wastewater (Ensink et al., 2004), while in Hanoi, Vietnam, which is much 
wetter than Pakistan, about 80 per cent of vegetable production is from urban 
and peri-urban areas irrigated with diluted wastewater (Lai, 2002). Across major 8  SETTING THE STAGE
cities in West Africa, between 50 and 90 per cent of vegetables consumed by urban 
dwellers are produced within or close to the city (Drechsel et al., 2006) where much 
of the water used for irrigation is polluted.
The use of greywater exclusively has not been extensively documented, partly 
because it tends to be mixed together with blackwater. In cases where it is used as 
such, it is commonly an in-house practice, which makes it difﬁcult to assess, but it 
is being popularized in the Middle East for irrigation purposes. In some States in 
the USA, greywater use is permitted for household irrigation and state legislation 
and guidelines exist. Australia, which has major scarcity problems, commissioned 
studies on greywater reuse but no comprehensive information is available. In 
countries where this is permitted, there are instances of greywater use for toilet 
ﬂushing after treatment. Low- and middle-income countries such as India, Mali, 
Jordan, Palestine, South Africa, Nepal, Sri Lanka, Costa Rica and Malaysia are 
using greywater for gardening and irrigation of non-edible crops (such as fodder 
and olive trees) (Morel and Diener, 2006). 
In most cities of sub-Saharan Africa, greywater is channelled into drains where 
it often gets mixed with stormwater, solid waste and excreta from open defecation 
before it enters natural water bodies. As these drains or streams are often used 
for irrigation, it is difﬁcult to distinguish between greywater and wastewater use 
(Cornish and Lawrence, 2001; Drechsel et al., 2006; Qadir et al., 2007). A recent 
survey in two Ghanaian cities showed that greywater use for backyard irrigation is 
very low (International Water Management Institute (IWMI), 2008), despite the 
fact that greywater and blackwater have separate networks, and the proper use of 
greywater could be promoted. The situation can be different in drier areas where 
tap water is precious and natural water sources rare. Jordan is piloting projects with 
a view to upscaling greywater use as, for example, in the Jerash Refugee Camp, 
where greywater is separated and discharged from all houses into the environment 
through small ditches and open canals that serve farmers producing crops (WHO-
IDRC, 2006). India is also using partially treated greywater for kitchen-garden 
irrigation and sanitation (Godfrey et al., 2007) and it seems that this practice is 
beginning to be widely applied in several regions. 
Faecal sludge, excreta and biosolids
The problem of faecal sludge management is compounded by the large number 
of on-site sanitation systems, such as latrines, unsewered public toilets or septic 
tanks, used by the majority of the population for disposal of blackwater in densely 
populated cities. Faecal sludge collected from on-site sanitation installations 
is sometimes transported to treatment ponds but is more often dumped in 
depressions, streams or the ocean, or reused untreated on farmland, discharged in 
lakes or ﬁsh ponds or disposed of within the household compound. Assuming a 
per capita faecal sludge production of 1 litre/day (Strauss et al., 1997), a truck-load WASTEWATER, SLUDGE AND EXCRETA USE IN DEVELOPING COUNTRIES  9
of 5m3 dumped indiscriminately is equivalent to 5000 open defecations (Koné et 
al., 2007a). 
These practices represent a signiﬁcant risk to public health and have a high 
disease impact on workers emptying the tanks and trucks, their families, the 
households living in the immediate area and on vulnerable populations in latrine-
based cities (WHO, 2006). In Ghana, Mali and Benin, farmers are known to 
bribe septic truck drivers to dump the faecal matter in their ﬁelds. Fortunately, 
the practice poses little health risk to consumers where there is sufﬁcient exposure 
to sun and a long dry season which result in pathogen die-off, or where the crops 
grown are cereals (Asare et al., 2003; Coﬁe et al., 2003, 2005). Systems where the 
faecal sludge is ﬁrst dried and then mixed with solid waste for co-composting have 
been reported from experimental stations in Ghana and Nigeria. Settled sludge 
from sludge treatment ponds has also been used to ‘blend’ compost from solid 
waste, as observed in Accra, Ghana (Drechsel et al., 2004; Koné et al. 2007a). 
Use of excreta is seldom made public, but is known to have been practised 
for centuries in Asia (WHO, 2006), in particular in China (UNHSP, 2008) 
and Vietnam (Jensen et al., 2005; Phuc et al., 2006) in both agriculture and 
aquaculture. In China, use of excreta in agriculture continues to be common and 
this practice has led to a strong economic linkage of urban dwellers and urban 
farmers. Thus, vegetables grown on excreta-conditioned soils yield higher sales 
prices. With increasing efforts to introduce urine-separating toilets, the ﬁrst data 
on urine reuse has emerged.1 
In both developed and developing countries, sludge disposal is an issue 
growing in line with the increase in the volume of wastewater treated. Historically, 
sewage sludge has been considered to be waste that is to be disposed of at the least 
possible cost (UNHSP, 2008). As a result, it has traditionally been dumped in 
landﬁlls, holes, any unoccupied surface and drainage systems (Jiménez et al., 2004). 
However, faecal sludge, excreta and biosolids are increasingly being applied on land 
in low- and middle-income countries due to the high cost of modern landﬁlls that 
meet all environmental requirements, the difﬁculty of ﬁnding suitable sites for 
landﬁlls (even in developed countries) and the beneﬁt of recycling plant nutrients 
and enhancing soil characteristics. Their main use worldwide (greater than 60 per 
cent) is to fertilize agricultural ﬁelds or green areas. This practice solves a problem 
for municipalities, helps farmers to decrease their organic and mineral fertilizer 
costs and preserves or improves soil fertility. Another important use of sludge is 
to improve degraded soils at mining sites, construction sites and other disturbed 
areas (UNHSP, 2008). 
DRIVERS OF WASTEWATER USE
In developing countries, the limited ﬁnancial and physical resources to treat water, 
the socio-economic situation and the context of urbanization create the conditions 10  SETTING THE STAGE
for unplanned and uncontrolled wastewater use. A study commissioned by the 
Comprehensive Assessment of Water Management in Agriculture showed that 
across 53 cities in the developing world the main drivers of wastewater use in 
irrigated agriculture are a combination of the following aspects (Raschid-Sally and 
Jayakody, 2008):
•  limited capacities of cities to treat their wastewater, causing pollution of soils, 
water bodies and traditional irrigation water sources;
•  lack of alternative (cheaper, similarly reliable, available or safer) water sources 
in the physical environment;
•  urban food demand and market incentives favouring food production in the 
proximity of cities, where water sources are usually polluted.
In addition, Jiménez (2006) pointed to the inﬂuence of socio-economic factors at 
the household level, like poverty and low education in developing countries, where 
lack of job opportunities and a limited awareness for health risks coexist. In such 
circumstances, wastewater reuse can represent a promising opportunity for cash 
crop production or to improve food supply. Once wastewater reuse is in place and 
its advantages have been gauged by the population, it is difﬁcult to alter behaviour 
especially if changes have an associated cost or are linked to historical water rights. 
This may be compounded by reduced availability of freshwater resources, be it for 
economic or physical reasons. The nutrient value of (raw) wastewater and sludge is 
inherently recognized by farmers, which is also a factor driving their use. 
In contrast, in more developed countries, water reuse and recycling are 
increasingly seen as a means to respond to physical water scarcity (including 
climate change and drought management), water reallocations from agriculture 
to other uses and also as an economic response to costly inter-basin transfers. An 
additional factor inﬂuencing recycling is the stringent environmental standards, 
which make land application of wastewater and sludge both unavoidable and 
economically feasible.
Drivers of agricultural reuse of sludge and excreta are linked more to disposal 
issues than to the intention to reclaim components of them. However, many 
farmers consider them to be a valuable resource similar to farmyard manure. This 
beneﬁcial use is increasingly gaining momentum, driven by the intention of closing 
nutrient loops to ensure that nutrients are returned to agricultural land to improve 
soil fertility. One of the main differences observed between the use of wastewater 
and that of sludge and excreta is a greater acceptance of wastewater use, as sludge 
and excreta have been historically considered, in most cultures, to be not only 
noxious but also an object of shame (UNHSP, 2008). WASTEWATER, SLUDGE AND EXCRETA USE IN DEVELOPING COUNTRIES  11
TYPOLOGY OF WATER USE
Various authors have attempted to provide typologies for wastewater recycling and 
use (e.g. van der Hoek, 2004), but none of these has been taken up universally 
or been standardized. However, in describing wastewater reuse, the terms direct, 
indirect, planned and unplanned recur frequently. These are explained here with 
examples: 
•  Direct use of untreated wastewater refers to the use of raw wastewater 
from a sewage outlet, directly disposed of on land where it is used for crop 
production.
•  Indirect use of untreated wastewater refers to the abstraction of usually diluted 
wastewater (or polluted stream water) for irrigation. This is common down-
stream of urban centres where treatment facilities are limited. Farmers might 
or might not be aware of the water-quality challenge.
•  Direct use of treated wastewater refers to the use of reclaimed water that has 
been transported from the point of treatment or production to the point of 
use without an intervening discharge to waters.
•  Planned water reuse refers to the conscious and controlled use of wastewater 
either raw (direct) or diluted (indirect). However, most indirect use happens 
without planning, at least initially, for using low quality water.
Direct use often takes place in dry climates where water sources are scarce. Treated, 
untreated or partially treated wastewater is used directly for irrigation without 
being mixed or diluted. Direct use of treated wastewater is most common as a 
planned process in developed countries including some larger parts of the Middle 
East and North African region, but can also take place unplanned, for example in 
dry seasons, when streams only carry wastewater, as is the case for the Musi River 
in Hyderabad, India. 
However, the use of diluted wastewater for irrigation (indirect use) is signiﬁcantly 
more frequent than direct use and occurs even more in wetter climates. In this 
situation, untreated or partially/insufﬁciently treated wastewater from urban areas 
is discharged into drains, small streams and other tributaries of larger water bodies 
where it is usually mixed with stormwater and freshwater, resulting in diluted 
wastewater (or polluted surface water). It is then used by farmers, most of whom 
are traditional users of these water sources. Lack of adequate sanitation and waste-
disposal infrastructure in cities is one of the direct causes of such pollution and use 
(Jiménez and Asano, 2008, Raschid-Sally and Jayakody, 2008). 
This situation is not limited to low-income countries that have no capacity 
to collect and treat wastewater comprehensively, but occurs also in fast-growing 
economies like China, Brazil, and some countries of the Middle East and North 
Africa region. For example, despite massive investments in wastewater treatment, 12  SETTING THE STAGE
the city of Beijing is only able to treat about half of the wastewater generated 
and untreated wastewater is discharged into waterways used downstream by 
farmers (Yang and Abbaspour, 2007). Also, in Lebanon and Palestine most of the 
wastewater collected from sewered localities is discharged into nearby rivers, wadis, 
and the sea, and on open land from where it inﬁltrates the ground with little or no 
treatment (Post et al., 2006). In spite of strict European Union (EU) regulations, 
untreated wastewater is discharged into rivers which are used for irrigation in some 
countries such as Spain, Italy and Portugal, especially in summer when there is little 
or no river ﬂow (Juanico and Salgot, 2008). However, this practice is being reduced 
due to efforts made by countries to increase the level of wastewater treatment to 
meet EU legislation. In Turkey, an enormous amount of domestic wastewater 
is discharged into rivers and used for irrigation because of insufﬁcient sewerage 
facilities and lack of satisfactory treatment (Juanico et al., 2008). 
In some areas, irrigation infrastructure originally built to transport freshwater, 
surface or groundwater, is now used for wastewater during certain periods. 
Wastewater is pumped into irrigation canals to supplement fresh irrigation water. 
For instance, in Vietnam, wastewater from Hanoi and other cities along the 
Red River Delta is pumped into irrigation canals at certain times of the year to 
supplement irrigation water (Trang et al., 2007a and b). However, at the tail end 
of irrigation systems or throughout in the dry season, wastewater may be the only 
water ﬂowing in the canals in areas such as Haroonabad in Pakistan and Hyderabad 
in India (Ensink et al., 2004; Ensink, 2006).
In Jordan, the As-Samra wastewater treatment plant mainly treats the domestic 
wastewater of the capital Amman. On its course to the Jordan Valley, the reclaimed 
water is mixed with surface run-off from wadis before it is temporarily stored in 
the country’s largest reservoir, the King Talal Reservoir (KTR) (which has a storage 
capacity of 75 million cubic metres). The detention time of the water in the 
reservoir, which used to be about ten months, has been reduced to a few months 
with the increase of the wastewater ﬂow. About 20km downstream from the KTR 
outlet, Zarqa Carriers divert part of the KTR water directly to ﬁelds in the Jordan 
Valley. The rest of the reclaimed water is ﬁnally released into the King Abdullah 
Canal which brings freshwater in the north to the Jordan Valley.
ADVANTAGES AND DISADVANTAGES OF REUSING  
WASTEWATER, SLUDGE, AND EXCRETA
While the drivers for the use of wastewater, sludge and excreta in agriculture 
differ between regions, their use – be it directly, indirectly, diluted or not – has a 
number of advantages alongside the well-known risks (WHO, 1989, 2006; Scott 
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Advantages
As a consequence of the high global food demand, it is not surprising that, 
worldwide, the biggest user of wastewater (treated or not) is agriculture (Jiménez 
and Asano, 2008). An important factor which makes wastewater valuable is 
that it is a reliable source of water, as it is available all year round, unlike pluvial 
precipitation or seasonal streams. Consequently, it permits higher crop yields, 
year-round production, and increases the range of crops that can be irrigated, 
particularly in (but not limited to) arid and semi-arid areas (Keraita et al., 2008). 
Studies conducted in Hubli-Dharwad showed that wastewater allowed farming 
to be done in the dry season when farmers could sell their produce at three to 
ﬁve times the kharif (monsoon) season prices (Huibers et al., 2004). Wastewater 
reliability also allows for multiple cultivation cycles and ﬂexibility of crops planted 
(Raschid-Sally et al., 2005). Similar situations have been reported for Haroonabad, 
Pakistan; Accra, Ghana; and Dakar, Senegal (Gaye and Niang, 2002; van der 
Hoek et al., 2002; Koottatep et al., 2006). The increased productivity and related 
income/food supply gains allow farmers a more reliable livelihood with indirect 
beneﬁts of using the income for education and improving health conditions. 
Where vegetables are the main commodity produced with wastewater, there 
can be a signiﬁcant aggregate beneﬁt for the society in terms of a more balanced 
diet. In the case of Accra, for example, more than 200,000 people eat vegetables 
produced with wastewater every day (Amoah et al., 2007). On the other hand, this 
is also the group potentially at risk as the possible adverse health effects to farmers 
and consumers are well established (WHO, 2006).
As part of the urban food-production systems, urban livestock contributes to 
cities’ food security by providing meat and dairy products (Bonfoh et al., 2003; 
Wolf et al., 2003). In semi-arid countries, livestock production relies mainly on 
natural pasture, which is often limited or decreasing due to low precipitation. 
In Sahelian countries (i.e. Burkina Faso, Mali, Senegal), forage biodiversity has 
decreased over time and plant species with lower nutritive value and palatability 
are becoming predominant (Bonfoh et al., 2003 and 2006; Food and Agriculture 
Organization of the United Nations (FAO), 2006; Sanon et al., 2007; Toutain et 
al., 2006). At the same time, however, the demand for dairy in cities is increasing 
with urbanization and changing diets. For example in Asian countries, the demand 
for dairy products is growing by a factor of 3.5 per year (Moran, 2005). Reusing 
wastewater or faecal sludge for fodder production appears an important and 
comparatively low-risk avenue which can contribute to enhancing the resilience 
to climate changes and food insecurity especially of small and middle-sized cities 
in developing countries (Koné, in press).
Another well-established advantage of wastewater and sludge reuse is their 
nutrient content. Even when treated, wastewater recycles organic matter and a 
larger diversity of nutrients than any commercial fertilizer can provide. Biosolids, 
sludge and excreta in particular, provide numerous micronutrients such as cobalt, 
copper, iron, manganese, molybdenum and zinc, which are essential for optimal 14  SETTING THE STAGE
plant growth. It is estimated that 1000 cubic metres of municipal wastewater 
used to irrigate one hectare can contribute 16–62kg total nitrogen, 4–24kg 
phosphorus, 2–69kg potassium, 18–208kg calcium, 9–110kg magnesium, and 
27–182kg sodium (Qadir et al., 2007). It therefore can reduce the demand for 
chemical fertilizers especially where the wastewater is not diluted, i.e. make crop 
nutrients more accessible to poor farmers. In the light of the global phosphorus 
crisis, excreta and wastewater can be critical sources of phosphorus (Rosemarin, 
2004). On the other hand, excessive concentrations of nitrogen in wastewater can 
lead to over-fertilization and cause excessive vegetative growth, delayed or uneven 
crop maturity and reduced quality (Jiménez, 2006; Qadir et al., 2007). Excessive 
concentrations of some trace elements may also cause plant toxicity and sometimes 
become a health risk for crop consumers. 
Few studies have quantiﬁed the economic gains from nutrients in wastewater 
under actual ﬁeld conditions. In Guanajuato, Mexico, the estimated saving arising 
from using wastewater to supply the required nitrogen and phosphorus for crops 
was US$135 per hectare (Keraita et al., 2008). A study comparing vegetable 
production using freshwater and untreated wastewater in Haroonabad, Pakistan, 
found that the gross margins were signiﬁcantly higher for wastewater (US$150 
per hectare), because farmers spent less on chemical fertilizer and achieved higher 
yields (van der Hoek et al., 2002). 
In a cost–beneﬁt analysis of greywater reuse systems constructed in residential 
schools in India, the internal and external benefits far outweighed the costs 
(Godfrey et al., 2009). Although studies conducted to quantify economic returns 
are still few and lack a uniform methodological approach, they consistently report 
signiﬁcant gains among farmers with access to wastewater. The annual income 
reported in such studies performed in India, Ghana, Senegal, Kenya and Mexico 
varied from US$420 to $2800 per hectare per year (Keraita et al., 2008). According 
to studies in Ghana, the greatest factor inﬂuencing farmers’ proﬁts is not so much 
the yield obtained, but the ability to produce crops that are in high demand and 
low supply, at the right time, the result being that they can be consistently sold at 
above average prices (Cornish et al., 2001). The proﬁtability of the business is also 
reﬂected in farmers’ decisions to pay more for (especially nutrient-rich) wastewater 
than normal water. In the Mezquital Valley, Mexico, the availability of wastewater 
instead of freshwater as irrigation water caused land rents to increase from US$170 
to $350–950 per year (Jiménez, 2005). In Quetta, Pakistan, farmers paid 2.5 times 
more for wastewater than for freshwater (Ensink et al., 2004). 
While farmers and their families are direct beneﬁciaries, there are also indirect 
beneficiaries along the supply chain including farm labourers, transporters, 
vendors, processors, input suppliers and consumers (Buechler et al., 2002). With 
low investments and quick returns, this practice is lucrative and enables many 
farmers to leap over the poverty line (Danso et al., 2002). In many West African 
countries, it is especially attractive to poor migrants looking for jobs in the city 
(Faruqui et al., 2004). WASTEWATER, SLUDGE AND EXCRETA USE IN DEVELOPING COUNTRIES  15
The land application of wastewater, sludge and excreta for agricultural use 
constitutes a low-cost disposal method and a land-treatment system that uses 
the soil to attenuate contaminants. If carried out under controlled conditions, it 
can also be safe. Wastewater use can also recharge aquifers through inﬁltration or 
reduce the impact on surface-water bodies, as wastewater is ‘treated’ in the vadose 
before reaching them (Jiménez, 2006). Several wastewater constituents are subject 
to processes that remove them or signiﬁcantly reduce their concentration. Reduced 
costs to society are also noteworthy, in view of reducing the use of fossil fuels to 
produce fertilizer.
BOX 1.2 DISEASES COMMONLY ASSOCIATED  
WITH WASTEWATER AND EXCRETA
The most common diseases associated with wastewater and excreta are the diarrheic 
ones. Examples include several kinds of helminthiases that are caused by intestinal 
infestation of parasitic worms. Helminthiases are common where poverty and poor 
sanitary conditions prevail; under these conditions they can affect up to 90 per cent of 
the population (Bratton and Nesse, 1993). Ascariasis (produced by Ascaris worms) is 
the most common one and is endemic in Africa, Latin America, and the Far East. It is 
estimated that 133 million people suffer from high-intensity ascariasis infections, which 
often lead to severe consequences, such as cognitive impairment, severe dysentery 
or anaemia. Even though helminthiases have a low mortality rate (for ascariasis nearly 
10,000 persons per year), most of the people affected are children under 15 years old 
with problems of faltering growth and/or impaired ﬁtness. Approximately 1.5 million of 
these children never attain expected growth, even if treated (Silva et al., 1997). Another 
common helminthiasis is Schistosomiasis that affects approximately 246 million people 
worldwide (United Nations, 2003). It causes tens of thousands of deaths every year, 
mainly in sub-Saharan Africa. It is strongly related to unsanitary excreta disposal and 
the absence of nearby sources of safe water. 
Another important disease is cholera, caused by bacteria named Vibrio cholerae. 
These bacteria cause not only epidemics but are responsible for several pandemics. 
Cholera is strongly related to the use of polluted water for irrigation or to unsafe disposal 
of sludge and excreta. Major risks occur where there are large concentrations of people 
and hygiene is poor (as in refugee camps and urban slums).
Other diarrheic diseases related to unsafe agricultural practices are salmonellosis, 
typhoid, shigellosis, gastric ulcers (caused by Helicobacter pylori), giardiasis and 
amoebiasis (Blumenthal and Peasey, 2002). In addition, skin diseases associated 
with contact with untreated water have been reported. Nail problems (koilonychias) 
characterized by spoon-formed nails have also been reported and are associated with 
the anaemia produced by hookworm infections which cause iron deﬁciency (van der 
Hoek et al., 2002). However, it must be kept in mind that in developing countries with 
various disease exposure pathways, the comparative risk contribution from wastewater 
irrigation and contaminated crops has never been comprehensively studied. Quantitative 
microbial risk assessment (QMRA) methodologies can and should be used effectively 
for this purpose, in order to have a realistic perspective of the situation.16  SETTING THE STAGE
Disadvantages
Among the disadvantages of using untreated or partially treated wastewater, sludge 
or excreta, the most obvious are the health risks from pathogens. These have been 
discussed extensively elsewhere (WHO, 2006) and are also the subject of several 
chapters in this book. Some references will be provided here in order to give an idea 
of the magnitude of the problem. Firstly, it should be stated that diseases are linked 
to the nature of the pathogen in the wastewater and thus vary locally following 
the local public-health pattern. Secondly, risks are not limited to farmers, but can 
be observed in four groups: agricultural workers and their families; crop handlers; 
consumers of crops or meat and milk coming from cattle grazing on polluted ﬁelds; 
and those living on or near the areas where wastewater, sludge or excreta is used. 
Within these groups the most vulnerable sections of the population are children 
and the elderly. Thirdly, observed responses may vary considerably between 
developing and developed countries. This is because pathogen distributions and 
concentrations, to which these groups are exposed, are very different, as are the 
living conditions and the level of resistance to disease between developing and 
developed countries (Jiménez, 2007; Jiménez and Wang, 2006). Furthermore, the 
statistics on food safety are unreliable because laboratory standards are so low in 
most developing countries. 
Pathogens contaminate crops mainly via direct contact, though some cases of 
uptake by plants have been recorded (Hamilton et al., 2007). Beside pathogens, 
wastewater and sludge can also be a source of high levels of heavy metals and organic 
toxic compounds (Abaidoo et al., 2009; Hamilton et al., 2007). Contamination 
can occur, in the case of metals and some organic chemicals, through absorption 
from the soil, which strongly depends on the location (possible contamination 
sources), the environmental conditions (particularly the soil), bio-availability (in 
the case of some contaminants), type of plant and agricultural practices (quantity 
of water applied and irrigation method) (Jiménez, 2006). 
There is relatively good knowledge concerning the allowable amounts of 
heavy metals that crops and soil can be exposed to when wastewater, sludge or 
biosolids are applied to soil (Page and Chang, 1994; UNHSP, 2008; WHO, 
2006). Moreover, for both developed and developing countries, the content of 
heavy metals in wastewater, excreta and sludge from domestic sources is generally 
low enough to allow their use for crop fertilization (Jiménez and Wang, 2006; 
UNHSP, 2008; WHO, 2006). However, there are always cases where care has to 
be taken, for example, close to tanneries or mining areas (Abaidoo et al., 2009). 
The risk from organic components derived via wastewater is in general much lower 
than via direct pesticide application. In comparison with pathogenic health risks, 
pesticide levels on vegetables, even if elevated, were considered to be of secondary 
importance in the context of a developing country (Amoah et al., 2006).
As described above, the use of wastewater, biosolids and excreta implies beneﬁts 
but also risks. Frequently, experts recommend simply banning this unsafe practice 
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besides being nearly impossible to implement in most developing countries for 
both economic and social reasons, would also result in the removal of components 
from these ‘waste’ products that are not acting as pollutants but, conversely, are 
beneﬁcial. Therefore, in practice, there has to be a trade-off between the advantages 
and disadvantages and the best solution for each situation should be sought, even if 
this is considered unconventional, especially from a developed country perspective. 
From a technical point of view, the solution will basically consist of ﬁnding a way 
to supply soils and crops with water, nutrients and organic matter. This should 
take advantage of the assimilation capacity of the soil, so that pathogens or heavy 
metals do not cause harm, while putting in place additional measures to deliver safe 
food to consumers. These and other alternative options for health-risk reduction 
are supported by the Guidelines of WHO (2006) where conventional wastewater 
treatment fails for whatever reason (see Chapters 10 to 12 of this book).
OFFICIAL PERCEPTION AND POLICY GUIDANCE
Wastewater and excreta
Policies to control the unplanned reuse of wastewater where it is an ongoing 
practice are not only hard to implement but are even difﬁcult to develop (Drechsel 
et al., 2002) because governments are faced with the trade-off between public-
health protection and the ethical question of whether to prevent wastewater farmers 
from cultivating with the only source of water that is accessible to them (Jiménez 
and Garduño, 2001). The WHO, to assist in this decision-making process, has in 
recent years been giving consideration both to the limitations faced by developing 
countries in providing sufﬁcient wastewater treatment to meet water-quality 
standards and the increasingly important livelihood dimension of wastewater use. 
This is reﬂected in the 2006 Guidelines.
If a government concludes that the practice must be stopped, then it has to put 
in place a complex process for control, with few successful examples in practice. 
In almost all countries legislation exists, dating back several years or decades 
and referring directly or indirectly to the use of polluted water or wastewater for 
irrigation, which is always forbidden. Many countries have irrigation water-quality 
guidelines, but they do not always consider microbiological standards, and where 
wastewater use is permitted, the legislation requires that certain quality conditions 
are met. Such conditions usually follow the previous WHO Guidelines (1989) 
which recommended water-quality thresholds. (This approach has now been 
revised: see the following chapter.) Such regulations are not followed in practice for 
the many reasons mentioned above. A further factor is that wastewater irrigation 
usually takes place outside the ofﬁcially recognized formal irrigation sector. As a 
result, most governments ignore the situation or have no other means than to adopt 
a laissez-faire attitude (Drechsel et al., 2006).18  SETTING THE STAGE
Joint efforts by WHO, FAO and United Nations Environment Programme 
(UNEP) to respond to this global situation, and to encourage resource recovery, 
resulted in an enforceable and achievable regulatory framework to support 
worldwide the reuse of wastewater, greywater and excreta in agriculture and 
aquaculture (Jiménez and Asano, 2008; WHO, 2006). These new Guidelines build 
on previous ones but are in their 2006 version much more supportive of the difﬁcult 
sanitation conditions in most developing countries and have suggested a multiple-
barrier approach for the long-term achievement of a universal health-based target. 
Furthermore, WHO suggests local adaptation of the Guidelines with incremental 
achievements towards this target. This ﬂexibility means that authorities require 
support to understand and apply the new approach. The previous WHO Guidelines 
(1989) are often considered more straightforward, especially for countries that 
already have comprehensive wastewater collection and treatment in place.
The resulting bias towards countries at the lower part of the sanitation ladder 
caused discomfort among those countries further up which have few problems in 
enforcing and monitoring crop or water-quality thresholds. These countries prefer 
to use, for example, standards similar to the California Title 22 (State of California, 
2001). Such ﬁxed standards are indeed most useful where they can actually be met 
by treatment, and wastewater use is a planned and controlled activity. However, 
they are difﬁcult to apply where treatment is rudimentary or lacking and when 
thousands of farmers already use polluted water sources because they have no 
alternative. Here, different strategies for health-risk reduction are needed. Similar 
regulations based on local needs and capabilities had been developed before the 
2006 WHO Guidelines were released, e.g. in Australia (AATSE, 2004) and in 
Mexico in 1996 (Jiménez, 2005). The advantage of the WHO Guidelines is that 
all the developing countries that have ignored previous guidelines, because the 
water-quality thresholds were too high, are now challenged to control the health 
risks as far as possible, rather than continuing to disregard the problem. The same 
applies to excreta management which the WHO (2006) is also addressing. 
Treated and untreated sludge
Sludge management is mostly an issue for developed countries where wastewater 
treatment facilities allow sludge generation, separation, storage, transport and 
reuse. Considerable experience concerning the development of policies and 
regulations to promote the beneﬁcial use of municipal sludge and biosolids in soil 
exists in the EU and the USA. These regions have comprehensively analysed the 
risks and beneﬁts of the different use and disposal options. Many other countries 
have built their understanding and policies from this foundation of knowledge 
and experience, but integrate local needs and conditions into their policies, laws 
and regulations. 
In general, the USA has adopted the concept of risk assessment in their 
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dating from the early 1990s. The approach takes maximum advantage of the soil’s 
capacity to assimilate, attenuate and detoxify pollutants. Land application guidelines 
based on this approach set the maximum permissible pollutant loading and provide 
users with the ﬂexibility to develop suitable management practices for using sewage 
sludge (Chang et al., 2002). In contrast, the EU has adopted a precautionary or a 
no-net-degradation approach (UNHSP, 2008). This approach prevents pollutant 
accumulation into biosolids-receiving soils. As a result of this, the EU is well 
ahead of the USA in researching and phasing out chemicals of concern in personal 
care and commercial products, resulting in more costly control programmes. 
Both approaches address pathogen reduction, the potential for accumulation 
of persistent pollutants in soils (heavy metals and persistent chemicals) and the 
application of appropriate amounts of nutrients. One notable difference is that 
the EU Directive has stringent upper limits for pollutants and generally limits rates 
of applications of biosolids to lower amounts than are allowed in the USA. The 
cost of implementation of the Directive is also higher, as wastewater treatment plants 
need to employ advanced wastewater treatment technologies to minimize the pollutant 
levels in the reclaimed wastewater and sewage sludge.
Regulatory structures in other countries that may not have the same level 
of resources available for wastewater sludge management are less precautionary. 
Balancing the need for strong regulations and enforcement with what is practical 
and achievable is the challenge. Snyman (2008), for example, has pointed out 
that in South Africa an initial set of biosolids management regulations that were 
consistent with some of the stricter regulations in Europe made management of 
wastewater sludge nearly impossible. Newer, more appropriate regulations are now 
helping move the country’s wastewater sludge management programmes towards 
higher levels of recycling and greater sustainability.
Examples of sludge management policies implemented in developing countries 
are still rare as the existence of properly functioning wastewater treatment plants 
is still an evolving phenomenon. One notable example occurs in the state of 
Paraná in Brazil where practical, successful, full-scale programmes can be found 
(Andreoli et al., 2008). In Tunisia, standards have been established for maximum 
allowable concentrations of chemical and biological components in soil and sewage 
sludge. Pollutant concentration limits for land application of sewage sludge were 
derived from the existing regulations, while speciﬁc management practices for 
land application and disposal of sewage sludge have been included in the national 
standards.
PERSPECTIVES AND CONCLUSIONS
With an increasing world population and improved living standards, domestic 
water use will increase and so will the production of wastewater, excreta and 
biosolids. Similarly, the share of the urban population using on-site sanitation 20  SETTING THE STAGE
systems (currently 40 per cent or 1.1 billion world urban dwellers) will increase 
with efforts to improve sanitation coverage. Hence, a huge quantity of faecal sludge 
will have to be dealt with in the future (Koné et al., 2007b). 
Simultaneously, there are many regions facing severe freshwater shortages 
which are responding increasingly with unplanned or planned wastewater use. 
Water scarcity will thus continue to be a key driver for recycling wastewater next 
to poor sanitation and widespread water pollution. Reuse will be supported by 
economic and environmental perspectives to substitute for some uses that do not 
need potable water quality and will contribute to nutrient recovery (Mekala et al., 
2007). Whilst planned reuse (of treated wastewater) will be the norm in countries 
that can afford treatment, the vast majority of low-income countries are, however, 
likely to continue to use non- or only partially treated wastewater, as long as 
sanitation and waste disposal do not keep pace with population growth in cities. 
In the case of wastewater, there are three possible scenarios that future policy 
needs to address: 
•  Continue to promote wastewater reuse in the traditional way (Figure 1.2a), using 
conventional treatment methods developed ﬁrst to protect the environment 
and then to reuse water. As a result, norms are very stringent and treatment 
methods are based on adding steps to conventional wastewater treatment 
systems to further improve quality. This will lead to higher costs, more fragile 
systems with probably lower viability in developing countries and the removal 
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of nutrients from water which does not favour agricultural reuse (Jiménez and 
Garduño, 2001).
•  Look for appropriate treatment alternatives (Figure 1.2b) that adequately target 
health protection and enhance reclamation of water and nutrients (Jiménez 
and Garduño, 2001; Koné, in press). For example, linking wastewater or 
faecal sludge treatment to forage production can generate additional income 
for operation and maintenance and support local dairy production systems. 
In this option, as the treatment of wastewater is designed from the outset to 
reuse wastewater, it can be performed at a lower cost than the ﬁrst option, but 
differs from the third option in that health risks should be controlled solely 
with treatment; no other interventions are considered. 
•  Apply an integrated approach (Figure 1.2c) combining a locally adequate 
treatment process, which in combination with (‘non-treatment’) interventions 
applied at different entry points along the production and consumption chain, 
will achieve the health target required. 
The last two options are similar, varying only in the type of additional intervention 
methods considered and can also be applied to sludge and excreta. The third option 
is in line with the current WHO Guidelines (2006).
With regard to excreta management, a more sensitive approach is needed which 
respects cultural perceptions. The long-term goal is to move from the ignorance of 
what happens to people’s wastewater and excreta after they are discarded, towards 
educating people on what is done – and what could be done – with their waste as 
a valuable resource (UNHSP, 2008).
The global fertilizer and energy crises call for the development of alternative 
solutions for producing affordable nutrients which can sustain agricultural food 
production. A new paradigm in waste processing is needed. Population growth, 
urbanization and improved quality of life are accompanied by an increase in 
demand for food and water, leading to the generation of large concentrations of 
waste products originating from urban centres. In addition, there are the expected 
impacts of climate change, which will reduce water availability, and a growing 
awareness of environmental water needs. 
Under these conditions, resource recovery of biosolids, water and nutrients 
becomes essential. The most appropriate options for water and excreta reuse are 
offered by the agricultural sector which uses on average around 80 per cent of total 
water consumption in developing countries; moreover, agriculture accepts a lower 
water quality compared to other uses (Jiménez and Garduño, 2001). In fact, water 
and nutrient recovery is happening extensively already but the practice at present is 
not free from risks. To move forward, a strategy that accommodates the needs of the 
users while fulﬁlling the public health and environment requirements is essential. 
This strategy should be developed locally, based on local options and needs, and 
can contribute to ﬁnancing treatment facilities. A related concept (Design for 
Service) is described in Chapter 15.22  SETTING THE STAGE
In the case of sludge, biosolids and excreta, it is expected that the decreasing 
availability especially of natural phosphorous reserves will increasingly shift the 
attention to ecological sanitation in its broad sense and the need for nutrient 
recovery. 
There is clearly an opportunity for urban planners and policy-makers to rein-
vent the role of excreta and wastewater treatment infrastructure by linking them to 
city development and food security agendas. It is a considerable matter of concern 
that the present rate of economic growth and the probable impact of climate change 
are already overshooting the carrying capacity of the earth’s ecosystems to produce 
the required resources and to absorb the pollution caused by human activities. The 
impact of the expected doubling of the human population by the middle of the 
next century, most of which will take place in developing countries, calls for the 
deﬁnition of a clear environmental sustainability strategy for renewable resources 
management. 
Linking urban faecal sludge and wastewater treatment and management infra-
structure to the agenda of food production and food security can draw ﬁnancial 
resources for building infrastructure and securing operation and maintenance costs, 
as city planners and utilities might see the direct economic beneﬁts. It is also an 
opportunity to close the nutrient and water loops through resource-oriented urban 
excreta and wastewater management. 
NOTES
1  See http://conference2005.ecosan.org.
2  The hectare base is used for standardization; farmers’ ﬁelds might be much smaller.
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Assessing and Mitigating 
Wastewater-Related Health Risks  
in Low-Income Countries:  
An Introduction
Robert Bos, Richard Carr and Bernard Keraita1
ABSTRACT
In and around urban areas pollution of natural water bodies is on the rise. As a 
result, wastewater irrigation is an increasingly common reality around most cities 
in the developing world. For reasons of technical capacity or economics, effective 
treatment may not be available for years to come; therefore, international guidelines 
to safeguard farmers and consumers must be practical and offer feasible risk-
management options. This chapter provides an introduction to microbiological 
hazards. These can be addressed best in a step-wise risk assessment and management 
approach starting with wastewater treatment where possible, and supported 
by different pathogen barriers from farm to fork. A major change in the most 
recent WHO Guidelines for the safe use of wastewater, excreta and greywater in 
agriculture and aquaculture (WHO, 2006) agriculture is the focus on a holistic 
approach to achieving health-based targets, instead of prescribing irrigation water-
quality threshold levels that are often unattainable. The health-based targets should 
not be read as absolute values but as goals to be attained in the short, medium 
or long term depending on the country’s technical capacity and institutional 
or economic conditions. Local standards and actual implementation should 
progressively develop as the country moves up the sanitation ladder. While health-
risk assessments are recommended to identify entry points for risk reduction and 30  SETTING THE STAGE
health-based targets, the Guidelines also offer shortcuts in situations where research 
capacities and data are constrained.
INTRODUCTION
The agricultural use of treated, partially treated or untreated wastewater2 or surface 
water contaminated with wastewater is common. An estimated 20 million hectares 
worldwide are irrigated with wastewater, more of it with untreated than treated 
wastewater (Jiménez and Asano, 2008; Scott et al., 2004). This misbalance in 
favour of untreated wastewater will continue to increase as long as the pollution of 
streams, by efﬂuents from growing urban populations is not matched by treatment 
facilities. The increasing global scarcity of good-quality water will turn wastewater 
irrigation from an undesirable phenomenon into a necessity wherever agricultural 
water demand is not met by supply. This is not only the case in drier regions, but 
anywhere where farmers seek land and water to address market demand. Common 
examples are urban and peri-urban areas in most developing countries where clean 
water sources are hardly sufﬁcient even to meet domestic demand. 
The use of untreated wastewater, or polluted water in general, poses risks to 
human health since it may contain excreta-related pathogens (viruses, bacteria, 
protozoan and multicellular parasites), skin irritants and toxic chemicals like 
heavy metals, pesticides and pesticide residues. When wastewater is used in 
agriculture, pathogens and certain chemicals are the primary hazards to human 
health by exposure through different routes (see Table 2.1). These exposure 
routes are mainly contact with wastewater (farmers, ﬁeld workers and nearby 
communities) and consumption of wastewater-grown produce (consumers). In 
addition, contamination may be due to poor post-harvest handling that can also 
lead to cross-contamination of farm produce. 
This chapter and most other sections of this book target microbiological 
hazards, while chemical hazards are addressed in Chapter 6 and Chapter 11.
EXPOSURE ROUTES FOR HEALTH HAZARDS FROM  
WASTEWATER IRRIGATION
The causative agents of excreta-associated infections are released from infected 
persons (or animals in some cases) in their excreta. They include pathogenic 
viruses, bacteria, protozoa and helminths of which are released from the bodies of 
infected persons (or animals in some cases) in their excreta (faeces or urine). The 
pathogens eventually reach other people and enter either via the mouth (the faecal-
oral pathway, e.g. when contaminated crops are eaten) or via the skin (contact with 
infective larvae, e.g. hookworm infection and schistosomiasis). ASSESSING AND MITIGATING WASTEWATER-RELATED HEALTH RISKS  31
Occupational exposure
The most affected groups are farm workers due to the duration and intensity of 
their contact with wastewater and contaminated soils (Blumenthal and Peasey, 
2002; WHO, 2006). For instance, in Haroonabad, Pakistan, prevalence rates for 
hookworm infection as high as 80 per cent have been reported for farmers (mainly 
male adults) using untreated wastewater (van der Hoek et al., 2002). Epidemiological 
studies of farmer groups using wastewater have produced overwhelming evidence 
of the high risk of helminth infections. This has resulted in the strict WHO 
guideline value of ≤1 egg per litre of irrigation water (WHO, 2006). Nevertheless, 
recent epidemiological studies conducted among rice farmers in Vietnam using 
wastewater found signiﬁcantly more evidence for increased diarrhoea and skin 
problems than for the risk of helminth infections (Trang et al., 2007a, b). 
Contradictions may occur between actual risks and perceived ones. Wastewater 
farmers themselves seldom associate infections and diseases with their irrigation 
practice (Rutkowski et al., 2007), which may jeopardize efforts towards their 
adoption of risk reduction measures by them (see Chapter 17). It also highlights 
the need to educate farmers about the risks they face when using wastewater for 
irrigation. There are arguments based on economic impact studies as well, that 
the ﬁnancial gains from agricultural production using wastewater irrigation can 
Table 2.1  Examples of different kinds of hazards associated with wastewater use in 
agriculture in developing countries
Hazard Exposure route Relative importance
Excreta-related pathogens
Bacteria (for example E. coli, Vibrio cholerae, 





  •  Soil-transmitted (Ascaris, hookworms,  




  •  Schistosoma spp.  Contact  Nil–high










Skin irritants and infections Contact Medium–high
Vector-borne pathogens (Filaria spp., Japanese 
encephalitis virus, Plasmodium spp.) 
Vector contact Nil–medium
Chemicals
Heavy metals ( for example arsenic, cadmium, lead, 
mercury)
Consumption Generally low 
Halogenated hydrocarbons (dioxins, furans, PCBs) Consumption Low
Pesticides (aldrin, DDT) Contact;
Consumption
Low
Source: Adapted from WHO (2006)32  SETTING THE STAGE
allow farmers to pay for medication to treat helminth infections (Bayrau et al., 
2009). More on integrating economic impacts into risk analysis is presented in 
Chapter 7. 
Other than helminth infections, recent studies from Vietnam and Cambodia 
have attributed skin diseases such as dermatitis (eczema) to contact with untreated 
wastewater (van der Hoek et al., 2005; Trang et al., 2007c). A study conducted 
in the Kathmandu Valley, Nepal, showed that more than half of 110 farmers 
interviewed using wastewater had experienced skin problems (Rutkowski et al., 
2007). The reported skin problems included itching and blistering on the hands 
and feet. Similar problems were reported by rice farmers along the Musi River 
in Hyderabad, India, and urban vegetable farmers using wastewater in Ghana 
(Buechler et al., 2002; Obuobie et al., 2006). Nail problems such as koilonychias 
(spoon-formed nails) have also been reported but this is speciﬁcally associated 
with hookworm infections which cause iron deﬁciency (anaemia) damaging the 
formation of nails (van der Hoek et al., 2002). Studies conducted in Vietnam did 
not ﬁnd an association between the risk of eye ailments (conjunctivitis or trachoma) 
and wastewater-related exposure but recommended more studies to determine if 
there is a link between skin infections and particular water pollutants (Trang et 
al., 2007c).
Consumption of irrigated produce
In relation to consumption-associated health risks, the primary concern is about 
vegetables eaten uncooked e.g. in raw salad dishes (Harris et al., 2003). Several 
studies including a prospective cohort study (Peasey, 2000), an analytical descriptive 
study (Cifuentes, 1998) and several descriptive studies including one done in 
Jerusalem (Shuval et al., 1984) have shown higher Ascaris infections for both adults 
and children consuming uncooked vegetables irrigated with wastewater. Studies 
on the impact related to diarrhoeal diseases from consumption of contaminated 
vegetables have been published and reviewed extensively (Beuchat, 1998; Harris 
et al., 2003). 
The Escherichia coli strain enterotoxigenic E. coli (ETEC) is often associated 
with diarrhoea (travellers’ diarrhoea) in developing countries (Gupta et al., 2007). 
In addition, viral enteritis (especially norovirus and rotavirus) and hepatitis A are the 
most commonly reported viral infections from vegetable consumption (Lindesmith 
et al., 2003; Seymour and Appleton, 2001). Several diarrhoeal outbreaks have been 
associated with wastewater-irrigated vegetables (Shuval et al., 1984; WHO, 2006). 
However, in developing countries it is often a challenge to attribute diarrhoeal 
outbreaks to speciﬁc exposure routes due to other contributing factors including 
poor hygiene, sanitation and reduced access to safe drinking water. ASSESSING AND MITIGATING WASTEWATER-RELATED HEALTH RISKS  33
DISEASES ASSOCIATED WITH WASTEWATER USE IN AGRICULTURE
Not every hazard will end up causing illness and different hazards and exposure 
pathways will result in different disease burdens. The relative importance of health 
hazards in causing illness depends on a number of factors. The ability of infectious 
agents to cause disease relates to their persistence in the environment, minimum 
infective dose, ability to induce human immunity, virulence and tency periods 
(Shuval et al., 1986). Thus, pathogens with long persistence in the environment 
and low minimal infective doses that elicit little or no human immunity and 
having long latency periods (for example helminths) have a higher probability 
of causing infections than others. According to this, helminth infections, where 
endemic, pose the greatest risks associated with wastewater irrigation. Risks from 
most chemicals are thought to be low, except in localized areas with large industrial 
wastewater generation. Diseases associated with exposure to chemicals (aside from 
acute symptoms such as skin rashes, etc.), such as cancer, are harder to attribute to 
wastewater use in agriculture. This is because workers may be exposed to complex 
mixtures of chemicals in the wastewater and long latency periods before the disease 
symptoms appear, making it difﬁcult to attribute the disease to any one speciﬁc 
exposure route or causal factor. 
The diseases of most relevance differ from area to area depending on the local 
status of sanitation and hygiene and the level to which wastewater is treated prior 
to use in agriculture. Table 2.2 provides examples of the burden of some diseases 
of potential relevance to wastewater use in agriculture. Most of these excreta-
related illnesses occur in children living in poor countries. The disease burden is 
measured in disability-adjusted life years (DALYs),3 which is increasingly becoming 
an essential unit in comparing disease outcomes from different exposures. More 
details on the use of DALYs are given in the following chapters. Overall, the WHO 
estimates that diarrhoea alone is responsible for nearly 3 per cent of all deaths and 
3.9 per cent of DALYs worldwide (Prüss-Ustün and Corvalan, 2006). Diarrhoea 
is indeed a disease which can be largely attributed to environmental factors (88 per 
cent, WHO, 2009), such as unsafe drinking water, poor hygiene and sanitation, 
and the consumption of pathogen-contaminated crops. 
The question of how much of the disease burden can be attributed to poor 
sanitation, unsafe drinking water, poor hygiene and, in particular, to the con-
sumption of wastewater-irrigated vegetables remains a challenging one. There are 
not many comparative studies and those that exist only look at either waterborne 
or foodborne pathways. Wastewater-irrigated food links both categories, but more 
importantly, many factors are interwoven and not mutually exclusive. The large 
number of confounding factors makes any speciﬁc attribution to wastewater use 
difﬁcult. One way to address the challenge is via microbiological risk assessment 
considering location-speciﬁc exposures. 34  SETTING THE STAGE
TOOLS FOR RISK ASSESSMENT
Assessment of risks mainly relies on data from microbiological analysis, 
epidemiological studies and/or quantitative microbial risk assessment (QMRA), 
the latter being a prospective assessment rather than extrapolation from evaluations. 
Traditionally, microbial analysis and epidemiological studies have been extensively 
used in evaluating risks in wastewater-irrigated agriculture, especially among 
affected farmers. A number of epidemiological studies in this area have shown 
higher prevalence of infections in the exposed population compared to unexposed 
populations. The studies have also clearly associated levels of pathogens in irrigation 
water to infection levels (Blumenthal and Peasey, 2002). Nevertheless, from the 
perspective of possible risk to society or planned agricultural wastewater irrigation, 
the epidemiological approach has limitations in that it is relatively expensive and 
it does not meet the need of the public, governments and other stakeholders to 
obtain health-risk estimates before the commissioning of projects. QMRA is 
increasingly used for this purpose, giving a prospective risk assessment for the 
wastewater irrigation situation at hand (Hamilton et al., 2007). Contributions 
and limitations of the main assessment tools are shown in Table 2.3. Detailed 
Table 2.2  Global mortality and DALYs due to some diseases of relevance to 





              Comments
Diarrhoea 1,682,000 57,966,000 99.7% of deaths occur in developing 
countries; 90% of deaths occur in 
children;
94% can be attributed to environmental 
factors.
Typhoid 600,000 N/A Estimated 16,000,000 cases per year.
Ascariasis 3000 1,817,000 Estimated 1.45 billion infections, of 




3000 59,000 Estimated 1.3 billion infections, of which 
150 million suffer adverse health effects.
Lymphatic
ﬁlariasis
0 3,791,000 Mosquito vectors of ﬁlariasis (Culex 
spp.) breed in contaminated water. 
Does not cause death but leads to 
severe disability.
Hepatitis A N/A N/A Estimated 1.4 million cases per year 
worldwide. Serological evidence of prior 
infection ranges from 15% to nearly 
100%.
N/A = not available.
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descriptions on microbiological risk analysis and risk analysis tools are presented 
in the following chapters in this volume. 
GUIDELINES FOR WASTEWATER IRRIGATION  
IN DEVELOPING COUNTRIES 
While some countries, especially more developed ones, have national guidelines 
addressing wastewater use in agriculture, the best known international guidelines 
are those produced by the UN, in particular the WHO. To protect public health and 
Table 2.3  Data used for the assessment of health risks
Type of study Contributions Limitations
Microbial analysis  •  Determines concentrations of 
different excreted organisms in 
wastewater or on products.
•  Provides data on pathogen 
die-off rates.
•  Can help to identify sources of 
pathogens.
•  Used to link pathogen to 
infection/disease. 
•  Expensive unless indicators are 
used.
•  Collection of samples may be 
time-consuming.
•  Needs trained staff and laboratory 
facilities.
•  Obtaining laboratory results takes 
time.
•  Lack of standardized procedures 
for the detection of some 
pathogens or their recovery from 
food products.
•  Recovery percentages may show 
high variability.




•  Measure actual disease in an 
exposed population.
•  Can be used to test different 
exposure hypotheses.
•  Can be applied to chemical 
risk assessments.
•  Expensive.
•  Bias can affect results.
•  Large sample sizes needed.
•  Ethical clearance needed.
•  Need for balance between power 
of study and its sensitivity.
QMRA •  Can estimate very low levels  
of risk of infection/disease.
•  Low-cost method of predicting 
risk of infection/disease.
•  Facilitates comparisons of 
different exposure routes.
•  Principles can also be applied 
to chemical risk assessments.
•  Exposure scenarios can vary 
signiﬁcantly and are difﬁcult to 
model.
•  Validated data inputs are not 
available for every exposure 
scenario.
•  Predicts risks from exposure to 
one type of pathogen at a time.
Source: Adapted from WHO (2006)36  SETTING THE STAGE
facilitate the rational use of wastewater and excreta in agriculture and aquaculture, 
WHO developed the document Reuse of Efﬂuents: Methods of Wastewater Treatment 
and Public Health Safeguards in the early 1970s. This ﬁrst normative document 
from the WHO in the ﬁeld of wastewater use was developed in the absence of good 
epidemiological studies and borrowed essentially a low-risk approach from the USA 
(Carr, 2005). In 1976, it was complemented by the FAO’s Irrigation and Drainage 
Paper 29 which addressed the water-quality challenges of salinity and speciﬁc 
ion toxicity (FAO, 1976). The WHO publication relied on water thresholds, 
i.e. critical pathogen levels in the irrigation water (100 coliforms 100ml-1) which 
should not be exceeded, and gave best practice recommendations on how to treat 
the water to achieve this quality standard (Havelaar et al., 2001). 
In the two decades following the publication of these documents, the use of 
wastewater in agriculture expanded in many arid and semi-arid countries. This 
trend and the health and safety questions concerning this practice became driving 
forces for conducting a number of epidemiological studies. (A thorough review of 
epidemiological studies was prepared by Shuval et al., 1986.) As epidemiological 
evidence was compiled it became clear that the initial WHO publication needed 
to be revised and the following additional issues needed to be considered (Carr, 
2005):
•  Overly strict water-quality standards were impossible to achieve in many situ-
ations and were therefore often ignored, rendering the Guidelines useless.
•  Guidelines needed to include risk-management approaches that would 
complement available treatment processes or could be used in the absence of 
wastewater treatment to reduce health risks.
Based on these considerations a second edition of the WHO Guidelines was 
published in 1989 (Mara and Cairncross, 1989). The FAO’s Irrigation and 
Drainage Paper 47 followed in 1992, building on the 1989 Guidelines while also 
addressing issues speciﬁc to irrigation such as managing salinity (FAO, 1992). 
Both guidelines have been very inﬂuential and many countries have adopted 
them, in some cases with adaptations. In view of pathogenic threats, both reports 
emphasized the need for appropriate wastewater treatment before use and for 
water-quality criteria that are easy to monitor. 
In 1997, the FAO’s ‘Water Report no. 10’ challenged the application potential 
of the WHO water-quality standards, as adequate treatment facilities sufﬁcient to 
help meet these standards could well be a decade or more away (FAO, 1997). This 
publication stressed the need for additional, interim measures, in particular crop 
restrictions. With increasing knowledge about and tools for risk assessments (such 
as QMRA), the development of the DALY concept and the increasing emphasis 
on critical control points to achieve food safety, the WHO joined forces with the 
FAO and started another historic revision of the WHO Guidelines. The revised 
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society based upon the actual disease situation in any given country, with a stronger 
emphasis on local opportunities but also limitations to achieve risk reduction 
(Carr, 2005).
A major change was the shift from critical levels of microbial contamination 
of irrigation water to health-based targets (WHO, 2006). In addition to the 
challenge of achieving water quality-based targets (especially in those countries 
where the burden of associated illness is highest), another weakness was that 
water quality-based thresholds hardly helped to address food contamination 
taking place from sources other than irrigation. The suggested alternative was to 
reduce the risk, especially for consumers of wastewater-irrigated crops, wherever 
there is an opportunity along the production and marketing chain. This can be 
wastewater treatment, safer irrigation practices, only growing crops that are eaten 
fully cooked and washing crops as part of food preparation. Using a combination 
of these preventive measures, it will be possible to approach the health target values 
which are set at the end of the chain, i.e. at the point of consumption, similar to 
the concept of food-safety objectives (CAC, 2004). This target is calculated based 
on the pathogen reduction from the initial crop contamination level and can be 
expressed in DALYs averted. The emphasis on ‘targets’ means that these values 
should not be read as absolute values but as goals to be attained in the short, 
medium or long term depending on the country’s technological, institutional or 
ﬁnancial conditions (Sperling and Fattal, 2001).
In order to better package the Guidelines for appropriate audiences it was 
decided to present them in separate volumes: 
•  Volume 1: Policy and regulatory aspects;
•  Volume 2: Wastewater use in agriculture; 
•  Volume 3: Wastewater and excreta use in aquaculture;
•  Volume 4: Excreta and greywater use in agriculture. 
The Guidelines can be downloaded from www.who.int/water_sanitation_health/
wastewater/gsuww/en/index.html. Shorter, related fact sheets and policy briefs 
for different stakeholder groups can be found at www.who.int/water_sanitation_
health/wastewater/usinghumanwaste/en/index.html. 
APPROACHES FOR MITIGATING RISKS FROM  
WASTEWATER IRRIGATION
Conventional options and their limitations in developing 
countries
Wastewater treatment in designed plants or pond systems has long been considered 
the ultimate solution for reducing risks in wastewater-irrigated agriculture. 38  SETTING THE STAGE
Wastewater treatment as a risk-mitigation measure has therefore been widely 
studied and documented in both developed and developing countries (Hammer 
and Hammer, 2008; Mara, 2004; Metcalf and Eddy, 2002; Patwardhan, 2008). 
Questions are being raised, however, about the effectiveness of conventional 
treatment systems in removing pathogens that are of particular concern in many 
developing countries and also about some emerging organic chemical compounds, 
such as pesticides and their residues, pharmaceutically active compounds and 
endocrine disrupting substances. Indeed, most conventional systems have two 
treatment systems: primary treatment where suspended solids and organic matter 
are removed; and secondary treatment for removing biodegradable organics. 
Tertiary level treatment may also be available, but the aim of tertiary treatment 
is removal of nutrients and toxic compounds (Metcalf and Eddy, 2002). So, 
conventional treatment systems are designed mainly to address environmental 
concerns and not human health risks. This was further shown by a review of more 
than 20 studies conducted for the WHO for the third edition of its Guidelines. The 
review showed wide variations in the effectiveness of log unit removals of various 
pathogens by different conventional treatment processes (WHO, 2006). 
The processes involved in several conventional treatment systems, except 
stabilization ponds, are difﬁcult and costly to operate in developing-country 
contexts as they have high energy requirements, need skilled labour and also have 
high installation, operation and maintenance costs (Carr and Strauss, 2001). 
This perhaps explains the high number of dysfunctional treatment plants and 
low general levels of wastewater treatment in developing countries of less than 
1 per cent in sub-Saharan Africa, about 35 per cent in Asia and 14 per cent in 
South America (WHO and UNICEF, 2000). A survey in Ghana, for example, 
reported that only 10 per cent of the reported 70 treatment plants and faecal 
sludge stabilization ponds are still operating as planned, most of them belonging 
to larger hotels (IWMI, 2009). 
Innovative changes are therefore necessary for conventional wastewater 
treatment to continue to be seen as a realistic health-risk mitigation option in 
developing countries. In recent years, some of these changes have included research 
towards re-engineering conventional wastewater treatment systems to make them 
more appropriate for irrigation, by optimizing the water and nutrient contents 
in treated wastewater efﬂuents, as discussed in Chapters 14 and 15. Studies have 
also focused on developing systems which are more efﬁcient in pathogen removal 
and nutrient conservation. Here, a focus on systems that use low-rate biological 
processes, such as pond systems, has been promoted, as discussed in Chapters 8 and 
9. There is also a growing research emphasis on biosolids, especially developing risk-
mitigation measures for faecal sludge use in agriculture, as well as on outsourcing 
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Non-conventional options and the multiple-barrier approach
Considering the apparent limitations of implementing conventional wastewater 
treatment systems in many developing countries at present, the third edition of 
the WHO Guidelines recommends the use of the ‘multiple-barrier approach’. 
The approach draws from the Hazard Analysis Critical Control Point (HACCP) 
concept promoted by the Codex Alimentarius initiative and is based on targeted 
interventions at key control points along the food chain to achieve a food-safety 
objective (CAC, 2004). Critical control points (which can be important pathogen 
barriers) can be found along the whole chain of events from wastewater generation 
to the preparation of the vegetables served for consumption. The approach therefore 
covers both conventional and non-conventional wastewater treatment methods as 
well as other health-protection measures to meet health targets, be it for the farmer 
or consumer. Non-conventional wastewater treatment methods include the use of 
low-cost systems such as on-farm ponds, sedimentation traps and biosand-ﬁlters 
while health-protection measures include improved irrigation methods, like drip 
irrigation, cessation of irrigation before harvesting and produce-washing (Keraita 
et al., 2008). In some parts of the 2006 edition of the Guidelines, these different 
options are grouped as ‘treatment’ and ‘non-treatment’ options with ‘treatment’ 
covering all conventional wastewater treatment systems (see Chapters 8 and 9) 
and ‘non-treatment’ options including all other possible practices and measures, 
especially on farm and in the post-harvest sector (see Chapters 10 to 12). Table 
2.4 provides an overview of different health-protection measures and where they 
can be applied in the food-production chain.
STRENGTHS AND WEAKNESSES OF DIFFERENT  
APPROACHES FOR RISK REDUCTION
All critical control points or possible ‘barriers’ have strengths and weaknesses. A 
key factor of the main groups of ‘treatment’ and ‘non-treatment’ (also known as 
‘post-treatment’) options is that they require particular settings to work. Wastewater 
treatment has a marginal impact in many developing countries due to limited 
coverage, under-resourced institutions, limited human capacities and severe 
ﬁnancial challenges. Post-treatment options, on the other hand, require farmers, 
traders or food caterers to adopt safer practices, often without any obvious or direct 
personal or business beneﬁt. In the context of low-income countries with limited 
public education and awareness of food-safety issues, non-treatment options are 
thus not the panacea where wastewater treatment is missing or fails, and actually 
require particular efforts in terms of awareness creation, incentives and regulations 
as described in Chapters 16 and 17.
Post-harvest treatment and handling of fresh produce often cannot eliminate 
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produce (Beuchat, 1998) unless the product is always consumed after cooking. 
Thus, it appears most feasible not to rely on only one barrier or option but to 
combine different barriers from wastewater treatment to on-farm and off-farm 
measures (see Chapters 10 and 12). 
So far, the use of the multiple-barrier approach in wastewater-irrigated 
agriculture has not been systematically studied in a variety of different settings. 
However, a review conducted for WHO based on some limited studies shows 
that this approach appears to be feasible (Table 2.5). For example, in the WHO 
Guidelines, a pathogen reduction of 6–7 log units is used as the performance target 
for unrestricted irrigation to achieve the tolerable disease burden of ≤10-6 DALYs 
per person per year. For monitoring purposes, log unit pathogen reductions are 
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not measured via actual pathogen numbers, but by the reduction in numbers 
of a pathogen indicator organism, which is in most cases E. coli. As Table 2.5 
demonstrates, combining minimal wastewater treatment, drip irrigation and 
washing vegetables after harvesting can easily achieve a 6 log unit reduction. 
ACTUAL FIELD ASSESSMENTS OF RISK-REDUCTION OPTIONS
The increased complexity of the 2006 WHO Guidelines means that they are 
sometimes perceived as less user-friendly. The concerns relate to the more complex 
health-based targets and the need to perform risk assessments, including the 
DALY concept. Although the Guidelines ask for a certain sequence of steps to be 
followed, their application should not be limited to situations where all steps can be 
taken. Where a risk assessment, like QMRA, is not possible for reasons of missing 
data or research capacity and a local performance target for irrigation cannot be 
calculated, it is recommended to combine options as shown in Table 2.5 aiming 
at a cumulative pathogen reduction of 6–7 log units where the irrigation water is 
likely to be contaminated with pathogens and used on crops to be eaten raw (see 
also Chapters 3 and 5). In countries where achieving this log reduction in the local 






1–4 Reduction usually achieved by wastewater treatment 
depending on the type and functionality of the 
treatment system.





Root crops and crops such as lettuce that grow just 
above, but partially in contact with, the soil.
Crops, such as tomatoes, fruit trees, the harvested 
parts of which are not in contact with the soil.
Pathogen die-off 0.5–2
per day
Die-off on crop surfaces that occurs between last 
irrigation and consumption. The log unit reduction 
achieved depends on climate (temperature, sunlight 
intensity, humidity), time, crop type, etc.
Produce-washing with 
water
1 Washing salad crops, vegetables and fruit with clean 
water.
Produce disinfection  2–3 Washing salad crops, vegetables and fruit with a 
weak, often chlorine-based disinfectant solution and 
rinsing with clean water.
Produce peeling 1–2 Fruits, cabbage, root crops.
Produce cooking 6–7 Immersion in boiling or close-to-boiling water until 
the food is cooked ensures pathogen destruction.
Source: Adapted and modiﬁed from WHO (2006)42  SETTING THE STAGE
socio-economic context is not feasible, alternative national health-based targets 
can be established, under the condition that their implementation procedures 
are strictly monitored and the targets are incrementally improved towards the 
globally recommended one. Lower log reductions can also be targeted where crop 
restrictions are possible (see Chapter 3). 
Another limitation of studies conducted so far on non-conventional or 
‘non-treatment’ options, and in particular the multiple-barrier approach, is their 
restricted geographical extent (WHO, 2006). Even where research has progressed 
over the years, as in Ghana, it is still another step to implement the research 
(IWMI, 2009). In Ghana, the studies have focused on the adaptation of known 
but also on locally developed farm-based and off-farm measures. These include 
the cessation of irrigation before harvesting, safer water collection and application, 
safe irrigation methods, sand-ﬁlters, on-farm sedimentation ponds and post-harvest 
measures such as various indigenous vegetable-washing methods (see Chapters 
10 and 12). These studies showed that low-cost measures have the potential to 
reduce pathogens, especially if they are developed with the user and can be used 
in combination so as to have a cumulative effect (Drechsel et al., 2008). However, 
their success depends largely on the adoption rate which requires an appropriate 
analysis of possible economic and social incentives (see Chapter 16).
Figure 2.1 shows a number of combination scenarios that were discussed in 
the studies of farm-based options in Kumasi, Ghana (Keraita, 2008). Scenario 
P = sedimentation ponds, WC = improved use of watering cans, SF = sand ﬁlter, FF = fabric ﬁlter, DI = Drip kits;  
C = cessation, ------- usual contamination levels on vegetables in Kumasi
Figure 2.1  Feasible combinations of farm-based interventions and achievable 
reduction of thermotolerant coliforms on lettuce leaves in Kumasi, Ghana 
Source: Keraita (2008)
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I reﬂects the most farmer-friendly option as it only entailed modiﬁcations of 
existing technologies. Although this option gives the lowest aggregate reduction in 
contamination levels, it is still a signiﬁcant one for both the dry (4.5 log units) and 
wet (2.5 log units) seasons, if other barriers are available. Generally, the suggested 
combined intervention measures show very good performance during the dry 
season, but not in the wet season due to rainfall, shorter duration of sunshine and 
generally lower temperatures. As this was a location-speciﬁc study, similar trials 
elsewhere are encouraged. 
CONCLUSIONS
In and around four out of ﬁve cities in the developing world, wastewater in treated, 
raw or diluted form is used in irrigated agriculture. Even if the areas are small, 
these farms are often specialized in producing highly perishable cash crops with 
a signiﬁcant market share (Raschid-Sally and Jayakody, 2008). It is important to 
recognize that in many situations where wastewater is used in agriculture, effective 
treatment of wastewater may not be available for many years to come. International 
guidelines must therefore be practical and offer feasible risk-management solutions 
that will maximize health protection and facilitate the beneﬁcial use of scarce 
resources. To achieve the greatest beneﬁts to health, the third edition of the WHO 
Guidelines provides tools, methods and procedures to set health-based targets 
that can be achieved with different pathogen barriers from the wastewater source 
to the consumption of wastewater-irrigated food. This multiple-barrier approach 
should be implemented with other health measures such as health education, 
hygiene promotion and the provision of access to safe drinking water and adequate 
sanitation.
There are still many open questions for research and application, some 
of which are outlined in the last chapter of this volume. In order to properly 
interpret and apply the guidelines in a manner appropriate to local conditions, 
a broad-based policy approach is required that will include legislation as well as 
positive and negative incentives to support the adoption of good non-treatment 
or post-treatment practices. Efforts to expand the treatment of wastewater are 
important and need to accelerate. The current WHO Guidelines can support 
local, national and international standard-setting bodies in their efforts to develop 
their own procedures and protocols on how to achieve the recommended health-
based targets. The procedures will differ between and within regions according 
to differences in technological, institutional and ﬁnancial conditions. While the 
health-based targets will remain a given in any speciﬁc context, local standards 
and actual implementation should progressively develop as the country moves up 
the sanitation ladder.44  SETTING THE STAGE
NOTES
1  The opinions expressed in this chapter are those of the authors only and do not 
necessarily reﬂect the policies and positions of the World Health Organization.
2  The term ‘wastewater’ as used in this book covers wastewater of different qualities, 
ranging from raw to diluted, generated by various urban activities (see Chapter 1).
3  The DALY concept allows one to quantify the contribution to the ‘burden of disease’ 
from mortality, disability, impairment, illness and injury. One DALY can be thought of 
as one lost year of healthy life and is calculated as a combination of (1) years of life lost 
(YLL) as a result of premature mortality and (2) equivalent healthy years of life lost as 
a result of disability (YLD). The burden of disease therefore measures the gap between 
current health status and an ideal situation in which every one lives into old age free of 
disease and disability. See http://en.wikipedia.org/wiki/Disability-adjusted_life_year 
and www.who.int/healthinfo/global_burden_disease/en/index.html.
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Risk Analysis and Epidemiology: 
The 2006 WHO Guidelines for 
the Safe Use of Wastewater in 
Agriculture
Duncan Mara and Robert Bos1
ABSTRACT
This chapter reviews the required pathogen reductions recommended in the 
2006 WHO Guidelines for the Safe Use of Wastewater, Excreta and Greywater in 
agriculture, which are based on a tolerable additional burden of disease of ≤10–6 
Disability-Adjusted Life Year (DALY) loss per person per year. The quantitative 
microbial risk-analysis technique, combined with 10,000-trial Monte Carlo risk 
simulations, is detailed here and the resulting estimates of median risk for various 
levels of pathogen reduction for exposure via restricted and unrestricted irrigation 
are also presented. This enables the selection of suitable combinations of pathogen 
reduction measures (wastewater treatment and post-treatment health-protection 
measures) to be selected, so that the resulting additional burden of disease does 
not exceed 10–6 DALY loss per person per year. 
INTRODUCTION
The World Health Organization published the third edition of its Guidelines for 
the safe use of wastewater in agriculture in September 2006 (WHO, 2006). These 52  RISKS AND RISK ASSESSMENT
differed from the second edition of the Guidelines (WHO, 1989) principally as 
follows:
•  The use of a risk-based approach to estimate the required reductions of viral, 
bacterial and protozoan pathogens.
•  To protect the health of those working, or otherwise exposed, in wastewater-
irrigated ﬁelds (i.e. restricted irrigation), the required pathogen reductions are 
to be achieved only by wastewater treatment.
•  To protect the health of those consuming wastewater-irrigated food crops (i.e. 
unrestricted irrigation), the required pathogen reductions can be achieved by a 
suitable combination of wastewater treatment (commonly to the level required 
for restricted irrigation) and post-treatment health-protection control measures 
such as outlined below. 
The 2006 Guidelines are essentially a code of good management practices to 
ensure that, when wastewater is used in agriculture (mainly for irrigating crops, 
including food crops that are or may be eaten uncooked), it is used safely and with 
minimal risks to health. They are therefore much more than a set of guideline 
values. However, in practice wastewater treatment and reuse engineers need to 
know how to use the recommendations in the Guidelines to design wastewater 
reuse systems that do not adversely affect public health. This means that they have 
to understand in detail the basis of the Guidelines so that the wastewater reuse 
systems they design are safe. 
There are two broad groups of wastewater-related diseases relevant in the 
agricultural use of wastewater (Table 3.1) that are considered in the Guidelines 
and in this chapter:
•  viral, bacterial and protozoan diseases, for which the health risks are determined 
by quantitative microbial risk assessment (QMRA);
•  helminthic diseases, for which the Guidelines set a guideline value on the basis 
of epidemiological studies.
The basis of human health protection in the Guidelines is that the additional 
disease burden due to viral, bacterial and protozoan diseases which results from 
working in wastewater-irrigated ﬁelds or consuming wastewater-irrigated crops 
should not exceed 10–6 DALY loss per person per year (see Box 3.1). This level of 
health protection was used by WHO in its 2004 Guidelines on drinking-water 
quality (WHO, 2004) and thus the health risks resulting from wastewater use in 
agriculture are the same as those from drinking fully treated drinking water – this 
is basically what consumers want as they expect the food they eat to be as safe as 
the water they drink. 
For the viral, bacterial and protozoan diseases this tolerable additional disease 
burden of 10–6 DALY loss pppy is ‘translated’ into tolerable disease and infection 
risks as follows:RISK ANALYSIS AND EPIDEMIOLOGY  53
                                               Tolerable DALY loss pppy (i.e., 10–6)
Tolerable disease risk pppy = –––––––––––––––––––––––––––––  3.1
                            DALY loss per case of disease
 
                        Tolerable disease risk pppy 
Tolerable infection risk pppy = ––––––––––––––––––––  3.2
                              Disease/infection ratio
Three ‘index’ pathogens were selected: rotavirus, viral pathogen; Campylobacter, 
a bacterial pathogen; and Cryptosporidium, a protozoan pathogen. Table 3.2 
gives the DALY losses per case of rotavirus diarrhoea, campylobacteriosis and 
cryptosporidiosis and the corresponding disease/infection ratios. (A better index 
viral pathogen would now be norovirus, for which dose-response data have recently 
become available. See Chapter 5.)
Table 3.1  Classiﬁcation of diseases relevant in wastewater-irrigated agriculture
Category Environmental transmission 
features
Major examples of 
infection
Exposure 












  Hepatitis A and E
  Rotavirus diarrhoea











Medium to high persistence
Able to multiply



















+++ high risk; ++ medium risk; + low risk (These risks refer to the use of untreated wastewaters; treatment and post-
treatment health-protection control measures can reduce these risks to the tolerable level of ≤10–3 per person per year, as 
discussed below.) 
aLatency is the length of time outside a human host required for the pathogen to become infective.
bPersistence is the length of time that the pathogen can survive in the environment outside a human host.
cNote that ﬁeldworkers are commonly also consumers.
Source: Feachem et al. (1983)54  RISKS AND RISK ASSESSMENT
BOX 3.1 DISABILITY-ADJUSTED LIFE YEARS (DALYS)
DALYs are a measure of the health of a population or burden of disease due to a speciﬁc 
disease or risk factor. DALYs attempt to measure the time lost because of disability or 
death from a disease compared with a long life free of disability in the absence of 
the disease. DALYs are calculated by adding the years of life lost to premature death 
(YLL) to the years lived with a disability (YLD). Years of life lost are calculated from 
age-speciﬁc mortality rates and the standard life expectancies of a given population. 
YLD are calculated from the number of cases multiplied by the average duration of the 
disease and a severity factor ranging from 1 (death) to 0 (perfect health) based on the 
disease (e.g. watery diarrhoea has a severity factor from 0.09 to 0.12 depending on the 
age group) (Murray and Lopez, 1996; Prüss and Havelaar, 2001).
DALYs are an important tool for comparing health outcomes because they account for 
not only acute health effects but also for delayed and chronic effects, including morbidity 
and mortality (Bartram et al., 2001). Thus, when risk is described in DALYs, different 
health outcomes (e.g., stomach cancer and giardiasis) can be compared and risk-
management decisions prioritized. Thus the DALY loss per case of campylobacteriosis 
in Table 3.1 includes the appropriate allowance for the occurrence of Guillain-Barré 
syndrome (which is an inﬂammatory disorder of the peripheral nerves, which may lead 
to paralysis, and which occurs in around 1 in 1000 cases of campylobacteriosis). 
The tolerable additional disease burden of 10–6 DALY loss adopted in the Guidelines 
means that a city of 1 million people collectively suffers the loss of one DALY per year. 
The highest DALY loss per case of diarrhoeal disease in Table 3.2 is 2.6 × 10–2, for 
rotavirus disease in developing countries. Assuming that the recommendations in the 
Guidelines are completely followed, this means that the tolerable number of cases of 
rotavirus disease, caused by the consumption of wastewater-irrigated food, in this city 
of 1 million people in a developing country is:
          1 DALY loss per year        
= 38 cases per year
  3.3
–––––––––––––––––––––––––––
2.6 x 10–2 DALY loss per case
The chance of an individual living in this city becoming ill with rotavirus diarrhoea in any 
one year is (38 × 10–6) – i.e., 3.8 × 10–5, which is the tolerable rotavirus disease risk per 
person per year in developing countries, as determined in Table 3.2.
From the data in Table 3.2 a ‘design’ value of 10–4 pppy was chosen for the tolerable 
risk of rotavirus disease and 10–3 pppy for the corresponding tolerable rotavirus 
infection risk. The former is extremely safe as it is three to four orders of magnitude 
lower than the actual incidence of diarrhoeal disease in the world (Table 3.3). 
QUANTITATIVE MICROBIAL RISK ASSESSMENT 
The Guidelines adopted a standard QMRA approach (Haas et al., 1999) to risk 
analysis combined with 10,000-iteration Monte Carlo simulations (Mara et al., 
2007). The basic equations are:RISK ANALYSIS AND EPIDEMIOLOGY  55
Exponential dose-response model (for Cryptosporidium):
PI(d) = 1 – exp(–rd)  3.4
Beta-Poisson dose-response model (for rotavirus and Campylobacter):
PI(d) = 1 – [1 + (d/N50)(21/α – 1)]–α  3.5
Annual risk of infection:
PI(A)(d) = 1 – [1 – PI(d)]n  3.6
PI(d) is the risk of infection in an individual exposed to a single pathogen dose d 
– i.e., the number of pathogens ingested on any one occasion; PI(A)(d) is the annual 
risk of infection in an individual from n exposures per year to the single pathogen 
dose d; N50 is the median infective dose; and α and r are pathogen ‘infectivity 
Table 3.2  DALY losses, disease risks, disease/infection ratios and tolerable infection 
risks for rotavirus, Campylobacter and Cryptosporidium
Pathogen DALY loss 
per case of  
disease
Tolerable  
disease risk pppy 








Rotavirus: (1) ICc 1.4 × 10–2 7.1 × 10–5 0.05d 1.4 × 10–3
Rotavirus: (2) DCc 2.6 × 10–2 3.8 × 10–5 0.05d 7.7 × 10–4
Campylobacter 4.6 × 10–3 2.2 × 10–4 0.75d 3.1 × 10–4
Cryptosporidium 1.5 × 10–3 6.7 × 10–4 0.35d 2.2 × 10–3
aTolerable disease risk = 10–6 DALY loss per person per year (pppy) ÷ DALY loss per case of disease.
bTolerable infection risk = disease risk ÷ disease/infection ratio.
cIC, industrialized countries; DC, developing countries. 
dFor developing counties the DALY loss per rotavirus death was reduced by 95 per cent to discount deaths occurring in 
children under the age of two who are not exposed to wastewater-irrigated foods. The disease/infection ratio for rotavirus 
is low as immunity is mostly developed by the age of three.
Source: DALY values from Havelaar and Melse (2003)




in 0–4 year olds
DD incidence
in 5–80+ year olds
Industrialized countries 0.2 0.2–1.7 0.1–0.2
Developing countries 0.8–1.3 2.4–5.2 0.4–0.6
Global average 0.7 3.7 0.4
Source: Mathers et al. (2002)56  RISKS AND RISK ASSESSMENT
constants’ – for rotavirus N50 = 6.17 and α = 0.253, for Campylobacter N50 = 896 
and α = 0.145 and for Cryptosporidium r = 0.0042 (Haas et al., 1999). 
In practice Equations 3.4, 3.5 and 3.6 are used as follows:
•  PI(A)(d) in Equation 3.4 is set equal to 10–3 pppy (the tolerable rotavirus 
infection risk).
•  The number of days of exposure (n in Equation 3.6) is determined (or selected) 
– e.g. for lettuce consumption on alternate days n = 365/2.
•  PI(d) is then calculated from Equation 3.6 (e.g. for n = 365/2, PI(d) = 5.5 × 
10–6 per person per exposure).
•  For this value of PI(d) d is calculated from either Equation 3.4 or Equation 
3.5.
•  This dose d is the number of pathogens ingested with the lettuce (or other crop) 
and is assumed to be in whatever volume of treated wastewater that remains on 
the lettuce (or other crop) after irrigation – for example, Shuval et al. (1997) 
found 11ml to remain on 100g of lettuce. 
•  This pathogen count (e.g. d per 11ml) is expressed per litre and, knowing the 
pathogen count per litre of untreated wastewater, the required log reduction 
(actually the required log10 reduction) of the pathogen is determined.
This required log pathogen reduction is achieved by a combination of wastewater 
treatment and the post-treatment health-protection control measures detailed in 
Table 3.4.
Table 3.4  Post-treatment health-protection control measures and associated 
pathogen reductions




Drip irrigation 2–4 2 log unit reduction for low-growing crops, and
4 log unit reduction for high-growing crops.
Pathogen die-off 0.5–2
per day
Die-off after last irrigation before harvest
(value depends on climate, crop type, etc.).
Produce-washing 1 Washing salad crops, vegetables and fruit with clean 
water.
Produce disinfection  3 Washing salad crops, vegetables and fruit with a weak 
disinfectant solution and rinsing with clean water.
Produce peeling 2 Fruits, root crops.
Source: Produce disinfection reduction ﬁgure from Amoah et al. (2007)RISK ANALYSIS AND EPIDEMIOLOGY  57
Monte Carlo risk simulations
There is commonly some degree of uncertainty about the values of the parameters 
used to determine required log pathogen reductions – for example, it is unlikely 
that exactly 11ml of wastewater is always left on 100g of lettuce after irrigation. 
Therefore, in order to take this uncertainty into account, it is better to assign a 
range of values to each parameter (e.g., 10–15ml of wastewater remaining on 100g 
of lettuce after irrigation), rather than a single ‘ﬁxed’ value (e.g. exactly 11ml), 
although a ﬁxed value can be assigned to any parameter if so wished. A computer 
program then selects at random a value for each parameter from the range of 
values speciﬁed for it and determines the resulting risk.2 The program repeats this 
process a large number of times (commonly for a total of 10,000 times) and then 
determines the median annual infection risk. The large number of repetitions 
removes some of the uncertainty associated with the parameter values and makes 
the results generated by multi-trial Monte Carlo simulations much more robust, 
although of course they are only as good as the assumptions made. Chapter 5 
describes an improved method of determining annual risks of infection.
RESTRICTED IRRIGATION
The exposure scenario developed in the Guidelines for restricted irrigation is the 
involuntary ingestion of soil particles by those working, or by young children 
playing, in wastewater-irrigated ﬁelds. This is a likely scenario as wastewater-
saturated soil would contaminate the workers’ or children’s ﬁngers and so some 
pathogens could be transmitted to their mouths and hence ingested. The quantity 
of soil involuntarily ingested in this way has been reported (but not speciﬁcally for 
this restricted-irrigation scenario) as up to 100mg per person per day of exposure 
(Haas et al., 1999; WHO 2001). Two sub-scenarios were investigated: (a) highly 
mechanized agriculture and (b) labour-intensive agriculture. The former represents 
exposure in industrialized countries where farm workers typically plough, sow and 
harvest using tractors and associated equipment and can be expected to wear gloves 
and be generally hygiene-conscious when working in wastewater-irrigated ﬁelds. 
The latter represents farming practices in developing countries in situations where 
tractors are not used and gloves (and often footwear) are not worn, and where 
hygiene is commonly not promoted.
Labour-intensive agriculture
The results of the Monte Carlo-QMRA risk simulations are given in Table 3.5 
for various wastewater qualities (expressed as single log ranges of E. coli numbers 
per 100ml) and for 300 days’ exposure per year (the footnote to Table 3.5 gives 
the range of values assigned to each parameter). It can be seen that the median 58  RISKS AND RISK ASSESSMENT
rotavirus infection risk is 10–3 pppy for a wastewater quality of 103–104 E. coli per 
100ml. Thus, the tolerable rotavirus infection risk of 10–3 pppy is achieved by a 
4 log unit reduction – i.e. from 107–108 to 103–104 E. coli per 100ml. The table 
also shows that the Campylobacter and Cryptosporidium infection risks are all lower 
than those for rotavirus.
Highly mechanized agriculture
The simulated risks for various wastewater qualities and for 100 days’ exposure per 
year are given in Table 3.6, which shows that a 3 log unit reduction, from 107–108 
to 104–105 E. coli per 100ml, is required to achieve the tolerable rotavirus infection 
risk of 10–3 pppy.
UNRESTRICTED IRRIGATION
The exposure scenarios used in the Guidelines for unrestricted irrigation are 
the consumption of wastewater-irrigated lettuce (Shuval et al., 1997) and 
the consumption of wastewater-irrigated onions (a leaf and a root vegetable, 
respectively). 
Risk simulations 
For unrestricted irrigation a slightly different approach was adopted. The QMRA-
Monte Carlo program determined the required log rotavirus reductions for various 
Table 3.5  Restricted irrigation: median infection risks from ingestion of 
wastewater-contaminated soil in labour-intensive agriculture with exposure for  
300 days per yeara
Soil quality  Median infection risk pppy
(E. coli per 100g)b Rotavirus         Campylobacter Cryptosporidium
107–108 0.99 0.50 1.4 × 10–2
106–107 0.88 6.7 × 10–2 1.4 × 10–3
105–106 0.19 7.3 × 10–3 1.4 × 10–4
104–105 2.0 × 10–2 7.0 × 10–4 1.3 × 10–5
103–104 1.8 × 10–3 6.1 × 10–5 1.4 × 10–6
100–1000 1.9 × 10–4 5.6 × 10–6 1.4 × 10–7
aEstimated by 10,000 Monte Carlo simulations. Assumptions: 10–100mg soil ingested per person per day for 300 days 
per year; 0.1–1 rotavirus and Campylobacter, and 0.01–0.1 Cryptosporidium oocyst, per 105 E. coli; N50 = 6.7 ± 25% 
and α = 0.253 ± 25% for rotavirus; N50 = 896 ± 25% and α = 0.145 ± 25% for Campylobacter; r = 0.0042 ± 25% for 
Cryptosporidium. No pathogen die-off (taken as a worst case scenario).
bThe wastewater quality is taken to be the same as the soil quality – i.e. the soil is assumed, as a worst case scenario, to 
be saturated with the wastewater.RISK ANALYSIS AND EPIDEMIOLOGY  59
levels of tolerable rotavirus annual infection risk. The results, given in Table 3.7, 
show that, for the tolerable rotavirus infection risk of 10–3 pppy, the required 
pathogen reductions are 6 log units for non-root crops and 7 log units for root 
crops. The table also shows that the consumption of root crops requires a 1 log unit 
pathogen reduction greater than the consumption of non-root crops and that the 
required pathogen reductions change by an order of magnitude with each order-
of-magnitude change in tolerable risk. 
This 6–7 log unit reduction for unrestricted irrigation is best achieved by a 3–4 
log unit reduction by wastewater treatment, as required for restricted irrigation, 
supplemented by a 2–4 log unit reduction from post-treatment health-protection 
control measures (Table 3.4). These post-treatment health-protection control 
measures are extremely reliable: in essence they always occur. 
Table 3.6  Restricted irrigation: median infection risks from ingestion of 
wastewater-contaminated soil in highly mechanized agriculture with exposure for 
100 days per year a
Soil quality  Median infection risk pppy
(E. coli per 100g)b Rotavirus         Campylobacter Cryptosporidium
106–107 6.8 × 10–2 1.9 × 10–3 4.7 × 10–5
105–106 6.7 × 10–3 1.9 × 10–4 4.6 × 10–6
104–105 6.5 × 10–4 2.3 × 10–5 4.6 × 10–7
103–104 6.8 × 10–5 2.4 × 10–6 5.0 × 10–8
100–1000 6.3 × 10–6 2.2 × 10–7 ≤1 × 10–8
aEstimated by 10,000 Monte Carlo simulations. Assumptions: 1–10 mg soil ingested per person per day for 100 days 
per year; 0.1–1 rotavirus and Campylobacter, and 0.01–0.1 Cryptosporidium oocyst, per 105 E. coli; N50 = 6.7 ± 25% 
and α = 0.253 ± 25% for rotavirus; N50 = 896 ± 25% and α = 0.145 ± 25% for Campylobacter; r = 0.0042 ± 25% for 
Cryptosporidium. No pathogen die-off (taken as a worst case scenario).
bThe wastewater quality is taken to be the same as the soil quality – i.e., the soil is assumed, as a worst case scenario, to 
be saturated with the wastewater.
Table 3.7  Unrestricted irrigation: required pathogen reductions for various levels 
of tolerable risk of rotavirus infection from the consumption of wastewater-irrigated 
lettuce and onionsa
Tolerable level of
rotavirus infection  
risk (pppy)






aEstimated by 10,000 Monte Carlo simulations. Assumptions: 100g lettuce and onions eaten per person per two days; 
10–15ml and 1–5ml wastewater remaining after irrigation on lettuce and onions, respectively; 0.1–1 and rotavirus per 105 
E. coli; N50 = 6.17 ± 25% and α = 0.253 ± 25%. No pathogen die-off.60  RISKS AND RISK ASSESSMENT
EPIDEMIOLOGICAL VERIFICATION OF THE QMRA APPROACH
Mara et al. (2007) used the ﬁeld data reported by Blumenthal et al. (2003) on 
diarrhoeal disease incidences amongst ﬁeldworkers and consumers in Mezquital 
Valley, Mexico, to obtain QMRA estimates of rotavirus infection risks in the ﬁve-
month dry season. It was found that, provided the assumptions used in the QMRA-
Monte Carlo risk simulations closely reﬂected ﬁeld conditions, the agreement 
between the observed incidences of diarrhoeal disease and the simulated rotavirus 
infection risk was very close for both ﬁeldworkers and consumers (Table 3.8).
HELMINTH EGGS
The recommendation in the Guidelines is that wastewater used in agriculture 
should contain ≤1 helminth egg per litre. The helminths referred to here are 
the human intestinal nematodes: Ascaris lumbricoides (the human roundworm), 
Trichuris trichiura (the human whipworm), and Ancylostoma duodenale and Necator 
americanus (the human hookworms); details of the diseases they cause and their 
life cycles are given in Feachem et al. (1983). 
This recommendation is the same as was made in the 1989 Guidelines (WHO, 
1989), but with two important differences: it is now based on epidemiological 
evidence which shows that ≤1 egg per litre protects adults but not children under 
15 (Blumenthal et al., 2000); and when children under the age of 15 are exposed, 
additional control measures are needed, such as regular deworming (by their 
parents or at school). 
Chapter 5 details a QMRA-Monte Carlo method for estimating Ascaris 
infection risks.
Table 3.8  Comparison between observed incidences of diarrhoeal disease and 







disease incidence per 
person per 5 months
Estimated median 
rotavirus infection risk per 







aAssumptions: soil quality per 100g taken as wastewater quality per 100ml; 10–100mg soil ingested per person per day 
for 65 days in ﬁve months; 0.1–1 rotavirus per 105 E. coli; ID50 = 6.7 ± 25% and α = 0.253 ± 25%. No pathogen die-off.
bAssumptions: 100g of onions consumed per person per week for ﬁve months; 1–5ml wastewater remaining on 100g 
onions after irrigation; 0.1–1 rotavirus per 105 E. coli; 0–1 log unit rotavirus die-off between harvest and consumption; ID50 
= 6.7 ± 25% and α = 0.253 ± 25%.
Source: Mara et al. (2007)RISK ANALYSIS AND EPIDEMIOLOGY  61
SUMMARY OF RECOMMENDATIONS IN THE GUIDELINES
The 2006 WHO Guidelines make the following recommendations, either explicitly 
or implicitly:
•  To protect the health of those working in wastewater-irrigated ﬁelds against 
excessive risks of viral, bacterial and protozoan infections, there should be 
a 3–4 log unit pathogen reduction, which is to be achieved by wastewater 
treatment.
•  To protect the health of those consuming wastewater-irrigated food crops 
against excessive risks of viral, bacterial and protozoan infections, there should 
be a 6–7 log unit pathogen reduction, which is to be achieved by wastewater 
treatment (a 3–4 log unit reduction, as for restricted irrigation) supplemented 
by post-treatment health-protection control measures providing together a 
further 2–4 log unit pathogen reduction.
•  To protect the health of those working in wastewater-irrigated ﬁelds and those 
consuming wastewater-irrigated food crops against excessive risks of helminthic 
infections, the treated wastewater should contain ≤1 human intestinal nematode 
egg per litre.
These Guidelines are reviewed, and recommendations made for their updating, 
in Chapter 5.
NOTES
1  The opinions expressed in this chapter are those of the authors and do not necessarily 
reﬂect the views or policies of the World Health Organization.
2  The QMRA-Monte Carlo computer programs used for the 2006 Guidelines are 
available at: www.personal.leeds.ac.uk/~cen6ddm/QMRA.html.
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Approaches to Evaluate and 
Develop Health Risk-Based 
Standards Using Available Data
Inés Navarro, Peter Teunis, Christine Moe and Blanca Jiménez
ABSTRACT 
Information on the dose-response relationship of waterborne and foodborne 
enteric pathogens is an important component in any consideration of the health 
risks that may be associated with wastewater, sludge or excreta reuse for food-crop 
production. The three main sources of information on dose-response relationships 
are: human challenge studies, animal studies and outbreak investigations. Dose-
response information on four representative enteric pathogens (Norwalk virus, E. 
coli O157:H7, Giardia lamblia and Ascaris lumbricoides) is presented as examples. 
In addition to dose-response information, the application of quantitative microbial 
risk assessment to examine the potential health risks associated with the consumption 
of food crops irrigated with wastewater or fertilized with biosolids requires 
information on several factors. These are transmission pathways, occurrence 
(frequency and concentration) of pathogens in wastewater and biosolids, persistence 
of pathogen viability or infectivity in the environment and on the food crops, and 
crop consumption (amount and frequency). Assessments of the risks of Giardia 
and Ascaris infection associated with food crops in several scenarios are presented 
and illustrate how WHO Guidelines and pathogen reduction measures (such as 
produce-washing) may have a signiﬁcant or negligible impact on reducing the 
risks of infection associated with food crops irrigated or fertilized with wastewater 
and biosolids.64  RISKS AND RISK ASSESSMENT
INTRODUCTION
The WHO Guidelines for the Safe Use of Wastewater, Excreta and Greywater   
(WHO, 2006) are based on the development and use of health-based targets, with 
the goal of attaining a certain level of health protection in an exposed population. 
This level of health protection can then be achieved by using a combination of 
risk-management approaches (e.g. crop restriction, safer application techniques, 
human-exposure control) (WHO, 2006). In some situations it is not possible to 
fully implement the desired level of protection at a given time. For this reason, 
the WHO Guidelines suggest designing regulations that allow progressive 
implementation. This can be attained over time in an ordered manner, depending 
on the circumstances and resources of each individual country or region. In order to 
achieve this, each country should try to develop a risk-management plan based on 
local context. For example, in the WHO Guidelines, a general pathogen reduction 
of 6–7 log units is used as a safe performance target for unrestricted irrigation (see 
Chapter 2). 
In order to adjust the target to locally relevant pathogens and ways of wastewater 
application, quantitative microbial risk assessment (QMRA) can be used as one 
possible tool. The quality of the QMRA analysis depends largely on the availability 
of dose-response information. This information indicates the relationship between 
exposure to speciﬁc doses of a pathogen and the probability of developing infection 
and/or symptoms in the exposed host. Dose-response relationships depend on 
virulence characteristics of the pathogen as well as host susceptibility factors. For 
prediction of risk it is necessary to estimate the probability of infection, conditional 
on exposure, and the probability of (acute) illness, conditional to infection. Without 
exposure, infection cannot occur and, similarly, without infection, a person cannot 
become ill. This apparently trivial statement has important consequences for 
quantitative risk assessment: if exposure assessment indicates that the probability 
of exposure is smaller than a certain level, the probabilities of infection, as well 
as illness, generally cannot exceed that level of risk. Some micro-organisms are 
highly infectious, such as the Norwalk virus example described later in this chapter. 
Exposure to even low doses of highly infectious agents may be associated with 
signiﬁcant risk of infection and illness.
Information on the dose-response relationship of waterborne and foodborne 
pathogens is an important component in any consideration of health risks that 
may be associated with wastewater, sludge and excreta irrigation or reuse for crop 
production. The available information on dose-response for enteric pathogens 
comes from three main sources: human challenge studies, animal challenge 
studies and outbreak investigations. This chapter will examine these sources of 
information and considerations for their use for risk assessment, taking into account 
different types of micro-organisms of concern. Dose-response information on four 
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the WHO (2006) procedure to develop recommendations to reduce the risks of 
pathogen exposure is the same regardless of the type of pathogen, therefore in this 
chapter only its application to helminth (Ascaris) eggs is described. 
HUMAN CHALLENGE STUDIES
Perhaps the most reliable dose-response information comes from human challenge 
studies where both the exposure and response can be well characterized. In these 
studies, exposure (i.e. dose) is controlled by administering various dilutions of 
a pathogen suspension. This inoculum must undergo rigorous safety-testing to 
ensure that it only contains the target pathogen and no other harmful substance. 
Also, the suspension needs to be titrated – by culture (for bacteria and some viruses) 
and polymerase chain reaction (for some viruses), or by microscopic counts or 
particle counts of cysts, oocysts or ova (for parasites and helminths). However, 
the exact number of the target pathogen that is ingested (or inhaled, for airborne 
exposure) in each dose is not known but must be estimated from information on 
the titre of the suspension and the dilution. For that reason, the estimation of 
exposure is part of the dose-response assessment. 
The exponential and beta-Poisson models (see below) are two dose-response 
relationships that can be developed from biologically plausible assumptions about 
the infection process. Best-ﬁt dose-response parameters for these models for a 
number of human pathogens were summarized by Haas and Eisenberg (2001).
The use of human volunteers limits the range of pathogens in human challenge 
studies to relatively mild pathogens that cause mild symptoms that are either 
self-limited or resolved by treatment and are not associated with any long-term 
adverse health effects. These studies are therefore subjected to careful review by 
ethical boards to ensure that the health, privacy and human rights of the volunteers 
are fully protected. For ethical reasons, these studies usually only involve healthy 
adult subjects who are able to understand the study protocol and give informed 
consent to participate in the study. All candidate volunteers are screened for good 
health and immune competence before being enrolled into the study in order to 
ensure that the experiments have no serious consequences for those involved. The 
volunteers who receive the pathogen inoculum are usually admitted into a clinical 
research unit so that their symptoms can be carefully monitored and recorded and 
so that they can receive appropriate medical care if needed. Specimens of stool, 
sera, whole blood, saliva, vomitus and, sometimes, intestinal biopsies are collected 
on a routine basis before and after, to test for infection indicators. Infection may 
be characterized by excretion of the challenge pathogen as detected in stool and 
vomitus specimens or by immune response, for example, a rise in pathogen-speciﬁc 
serum or salivary antibodies, or evidence of a cellular immune response. 66  RISKS AND RISK ASSESSMENT
Role of immunity 
One factor that must be considered in both quantitative microbial risk assessment 
and the information from dose-response studies of infectious agents is the role of 
previous exposure and possibly protective immunity in human challenge studies. 
For common enteric pathogens, such as norovirus and Cryptosporidium, it is 
likely that many candidate volunteers may have had previous infections with 
these pathogens and that this previous exposure/infection may have an impact 
on the host response to challenge. In studies of norovirus infectivity, the presence 
of norovirus-speciﬁc antibodies in sera appeared to be a marker of susceptibility 
to norovirus infection and did not seem to provide protection (Lindesmith et 
al., 2003). In studies of Cryptosporidium infectivity, those volunteers who were 
serologically naive for Cryptosporidium were signiﬁcantly more likely to develop 
infection after the challenge than volunteers who had higher measurable titres of 
serum antibodies against Cryptosporidium (Teunis et al., 2002b). 
The challenge of protective immunity limits the transfer of dose-response 
models from industrialized to developing countries if the specific pathogen 
exposure is signiﬁcantly different. One example of this is hepatitis A virus where 
results based on external dose-response models are likely to overestimate the risk for 
large parts of the local population who may have had hepatitis A infection during 
childhood and are no longer susceptible to infection. The QMRA can address this 
challenge in its calculations.
Heterogeneity in strain virulence and host susceptibility
The variation in infectivity among different isolates from (genetically) the same 
pathogen species has been shown to be considerable, at least as large as differences 
between different species (Chen et al., 2006; Teunis et al., 2002a). Similarly, 
variation in susceptibility to infection and illness among human hosts can be large 
(Teunis et al., 2002b, 2005). In a Norwalk virus challenge study, volunteers with 
blood group O were signiﬁcantly more susceptible to infection than other blood 
types, and blood group A appeared to be less susceptible to infection. In addition, 
a group of volunteers that was completely resistant to Norwalk virus infection and 
illness was observed, and this resistance was attributed to genetic factors that may 
code for the virus binding site (Lindesmith et al., 2003). Finally, it is useful to note 
that most pathogens are initially identiﬁed in outbreaks of disease, where the most 
virulent strains tend to be detected and the most susceptible hosts tend to become 
ill. However, in human challenge studies, the hosts are screened and selected for 
their health and the challenge organisms tend to be less virulent in terms of illness. 
Thus, data from outbreaks and human challenge studies – that unfortunately are 
mostly performed in developed countries – tend to represent opposite ends of the 
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ALTERNATE SOURCES OF DOSE-RESPONSE INFORMATION
The problems associated with ﬁnding appropriate dose-response data, even for 
dangerous pathogens, have led risk assessors to consider surrogate data: surrogate 
pathogens, hosts or both. 
Animal challenge studies
A human pathogen may often be adapted to its host, rendering its response in a 
surrogate host species distinctly different from its ‘normal’ behaviour (Teunis et al., 
2004). Keeping in mind that quantitative risk assessment not only connects causes 
and consequences but even attempts to quantify the relation between exposure and 
health effects, animal challenge studies are not particularly well suited to provide 
information on dose-response in humans. Furthermore, in a few instances where 
there are both animal and human infectivity data, there does not seem to be 
agreement. For example, data from immuno-deﬁcient mice and human volunteers 
for Cryptosporidium showed surprising similarities (Teunis et al., 2002b; Yang et al., 
2000), while data from rabbits and human outbreaks of pathogenic E. coli showed 
very little agreement (Haas et al., 2000; Teunis et al., 2004).
Information from outbreak investigations
Recent studies have attempted to use outbreak investigations as a source of dose-
response information (DuPont et al., 1995; Navarro et al., 2009). Not many 
outbreaks have been documented sufﬁciently well to support such analysis, because 
not only must the exposed and affected (ill, infected) population be known, but 
also there has to be some knowledge of exposure. For a small subset of all reported 
outbreaks, this information is available, and a novel form of meta-analysis can be 
done. Even a single outbreak may provide useful information (Teunis et al., 2004, 
2005). A dose-response assessment using several different outbreaks needs to take 
into account additional levels of variation between outbreaks (Takumi et al., 2009; 
Teunis et al., 2008). A multi-level dose-response model is best suited for describing 
such data and can account for differences in exposure conditions and differences 
in the intrinsic properties of pathogens and hosts. 
EXAMPLES OF DOSE-RESPONSE INFORMATION  
ON SELECTED ENTERIC PATHOGENS
Norovirus
Noroviruses are probably the most common cause of epidemic non-bacterial 
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surfaces and hands. Noroviruses are pathogens of particular concern for produce 
quality. Several multi-country outbreaks of norovirus associated with raspberries 
from China or Eastern Europe that were irrigated with contaminated agricultural 
waters have been described (Hjertqvist et al., 2006). Many norovirus outbreaks 
have been associated with salads and cut fruits (Gallimore et al., 2005; Herwaldt et 
al., 1994). Most of these outbreaks have been attributed to produce contamination 
from contact with infected food-handlers, but it is possible that some of these 
outbreaks may also have been due to produce that became contaminated in the 
ﬁeld or during harvest and transport. Evidence from outbreaks suggests that these 
viruses are quite persistent in the environment and highly infectious. 
The infectivity of Norwalk virus, a prototype norovirus, was examined in a 
series of human challenge studies (Teunis et al., 2008a). Data from these studies 
were used to construct a dose-response model (Figure 4.1). A single hit model 
for microbial infection was adjusted for virus aggregation by performing a joint 
analysis of challenge studies with aggregated and disaggregated virus inocula. 
The model parameters (alpha, beta) describe a beta distribution of the single unit 
(virion) infectivity and indicate that Norwalk virus is the most infectious agent 
ever described. The median infectious dose was estimated to be 18 virus genome 
copies (as measured by quantitative real-time reverse transcription-polymerase 
chain reaction), and the virus was highly infectious at low doses (average probability 
of infection of about 50 per cent for a single virus genome), which is especially 
relevant for environmental contamination of produce. In addition, these challenge 
studies revealed differences in host susceptibility and possible protective immunity 
through a mucosal immune response (Lindesmith et al., 2003). At the highest doses 
tested, the infection rate seemed to level off at about 75 per cent (Figures 4.1a 
and 4.1b), suggesting that some proportion of the population may be protected 
from infection.
E. coli O157:H7
E. coli O157:H7 has also been associated with a number of outbreaks from 
contaminated produce. In 2006, a large, multi-state outbreak of E. coli O157:
H7 in the USA was linked to the consumption of fresh spinach and involved over 
200 laboratory-conﬁrmed cases (Wendel et al., 2009). The dose-response model 
for E. coli O157:H7 (Figure 4.2) shows that the infectivity of this pathogen shows 
considerable variation between outbreaks, but it is likely to be high (about 1 per 
cent probability of infection for a single colony-forming unit). Exposure to even 
low doses of E. coli O157:H7 is associated with unacceptably high risks of infection 
and acute diarrhoeal illness (Teunis et al., 2008b). Since such infection also may 
lead to severe sequelae, such as hemolytic uremic syndrome (HUS), especially in 
children, the presence of this pathogen must be considered a serious risk at all 
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Figure 4.1  Dose-response relation for infection by Norwalk virus in human 
challenge study. Model jointly ﬁtted to (a) aggregate primary inoculum and (b) 
dispersed secondary inoculum, obtained from a volunteer infected with the primary 
inoculum. Graphs show observed fractions infected, best-ﬁtting dose-response relation 
and uncertainty in predicted infection probabilities ‘P(inf)’, as density
Source: Teunis et al. (2008b)
      (a)          (b) 
Figure 4.2  Dose-response relation for E. coli O157:H7 based on  
eight different outbreaks, using a two-level dose-response model,  
allowing for variation between outbreaks 
Source: Teunis et al. (2008b)70  RISKS AND RISK ASSESSMENT
A single hit model for microbial infection was adjusted for uncertainty due to 
heterogeneity in the exposure encountered in the outbreaks. The model was analysed 
in a hierarchical (two-level) framework to allow for variation within and between 
outbreaks and to predict the infectivity of this pathogen by generalizing among all 
included outbreaks. Predicted infectivity was expressed as a beta-distributed single 
unit infectivity, with parameters (alpha, beta). Figure 4.2 indicates the observed 
fractions infected; the best-ﬁtting dose-response relations for each outbreak; and 
the uncertainty in predicted infection probabilities (as density). 
Protozoa
Examples of infection models for Giardia and Cryptosporidium that have been 
applied in industrialized countries may be found in Rose et al. (1991) and Teunis 
et al. (2002a, 2002b). The prevalence of giardiasis typically ranges between 2 and 
5 per cent of people in industrialized nations (Farthing, 1993). In developing 
countries, giardiasis prevalence can be as high as 20–30 per cent (Medicine Health, 
2009) and few studies have been performed to quantify its risks, particularly 
compared to Cryptosporidium. Thus, considering the importance of Giardia in 
public health for developing nations, QMRA applications are illustrated, taking 
into account that: the health response in each country may be different as some 
infections may be endemic, and people can develop immunity; and exposure to 
pathogens can vary considerably at a local level, therefore exposure may be notably 
different between industrialized and developing countries (Jiménez, 2003; Jiménez 
and Wang, 2006).
Protozoa risks and reuse practice
Both Cryptosporidium and Giardia are frequently reported in association with 
waterborne diseases and have caused many outbreaks around the world, because 
of their high infectivity (Isaac-Renton et al., 1994) and resistance to chemical 
disinfection (Finch et al., 1994; Rennecker et al., 1999). Conventional wastewater 
treatment is known to reduce the numbers of Cryptosporidium oocysts and 
Giardia cysts by an average of 99.950 per cent (3.17 log reduction) and 99.993 
per cent (4.14 log reduction), respectively (Rose et al., 1996). Even so, these 
protozoan parasites are often detected in tertiary-treated efﬂuents (Gennaccaro et 
al., 2003; Quintero-Betancourt et al., 2003; Ryu, 2003). This is the reason why risk 
assessment focuses on evaluating the occurrence of Giardia and Cryptosporidium in 
source waters, in order to determine the appropriate treatment needed to obtain 
speciﬁc safety levels for drinking water. In addition, both pathogens are commonly 
recognized causes of recreational waterborne disease (Slifko et al., 2000). Most 
recreational water outbreaks are the result of faecal accidents or cross-connections in 
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animal wastes is not well documented or recognized (Gerba and Gerba, 1995). 
Outbreaks of foodborne giardiasis and Cryptosporidium have also been reported 
(Insulander et al., 2008; Rose and Slifko, 1999). 
Historically, reclaimed water has been used for agricultural applications, such 
as pasture irrigation or non-food crop irrigation, and has often been perceived as a 
method of wastewater disposal. The trend has now shifted towards unconventional 
reclaimed water uses, such as urban horticultural irrigation, toilet and urinal 
ﬂushing, commercial and industrial uses, and indirect potable reuse (United States 
Environmental Protection Agency (USEPA), 2004). However, concerns about the 
microbial quality of reclaimed water and the potential associated health risks limit 
its widespread use.
A review of health risks for different groups associated with the use of wastewater 
in irrigation indicated that no direct evidence of disease transmission was found 
for exposed groups of consumers, although there was evidence of the occurrence 
of protozoa on wastewater-irrigated vegetable surfaces (Carr et al., 2004). For 
farm workers and their families, the risk of Giardia intestinalis infection was 
found to be insigniﬁcant for contact with both untreated and treated wastewater, 
but an increased risk of amoebiasis was associated with contact with untreated 
wastewater. For nearby communities, there was no data on the transmission of 
protozoan infections from sprinkler irrigation with wastewater, and the risk could 
not be evaluated (Armon et al., 2002; Blumenthal et al., 2000; Blumenthal and 
Peasey, 2002).
Risks of infection with Giardia spp. and Cryptosporidium parvum in indus-
trialized countries have been associated with drinking water, but never with the use 
of recycled water (Asano, 1998). However, problems with wastewater reuse have 
been reported in developing countries where there is evidence of increased risk of 
Giardia infection, for example, in an agricultural population in Mexico (Cifuentes 
et al., 2000), in the Jordan Valley (Mutaz, 2007) and in Asnara, Eritrea (Srikanth 
and Naik, 2004).
The occurrence of Cryptosporidium oocysts and Giardia cysts in reclaimed 
water and assessment of the risks associated with these protozoan parasites have 
not been well documented (Gennaccaro et al., 2003; Jolis et al., 1999; Quintero-
Betancourt et al., 2003). While substantial efforts are ongoing to improve risk 
assessment for Cryptosporidium, due to the well-established hazards for immuno-
compromised subjects, little risk assessment data are available for Giardia (Zmirou-
Navier et al., 2006).
Dose-response model for Giardia lamblia
Data on infectious doses shows a considerable difference reported by different 
authors for the same type of micro-organisms. For Giardia lamblia, Feachem et al. 
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and 100 cysts. However, Giardia species/strains are known to have a low infectious 
dose (Cooper and Olivieri, 1998). Studies on human volunteers performed 40 years 
ago revealed a dose-response relationship between the probability of infection (as 
measured by faecal excretion) and the ingested dose of Giardia lamblia (Rendtorff, 
1954). The minimum ingestion dose found to be capable of initiating infection 
in two volunteers (100 per cent) was only ten cysts, but neither of the infected 
volunteers developed gastrointestinal symptoms. 
The dose-response model for assessing the probability of infection from 
ingestion of Giardia lamblia cysts is an exponential equation (Rose et al., 1991) 
based on experimental data developed by Rendtorff (1954):
P = 1 – exp(–rN)  4.1
P is the individual daily probability of infection, r is an organism-speciﬁc infectivity 
parameter, and N is the daily ingested dose of parasites. The best-ﬁt r value for 
Giardia is 0.0199 (95 per cent CI (conﬁdence interval): 0.0044–0.0566) (Rose et 
al., 1991). The same exponential model applies for Cryptosporidium parvum with 
r = 0.0042 (DuPont et al., 1995) using data from a human challenge study.
Quantitative microbial risk assessment examples for Giardia 
lamblia
The most common application of the exponential dose-response model for Giardia 
has been for QMRA for drinking water, to deﬁne the water treatment needed to 
reduce the risk of waterborne giardiasis (Regli et al., 1991; Teunis et al., 1997; 
Zmirou-Navier et al., 2006). Fewer applications may be found for risks of giardiasis 
from wastewater, sludge or faecal excreta reuse (Schönning et al., 2007). Most 
of these were performed in industrialized rather than developing countries. One 
example is an epidemiology and microbial risk assessment study (Zmirou-Navier 
et al., 2006), carried out in southeast France, where the dose-response function 
derived from epidemiological data was consistent with estimates of infectious risks 
predicted by the dose-response curve established by Rendtorff (1954). Another 
study (Regli et al., 1991) gives a detailed description of how risk assessment can 
be used as an approach for determining what level of water treatment and Giardia 
reduction is necessary to ensure that the risk of Giardia from treated drinking water 
is less than 1 infection per 10,000 people per year.
Another example that details efforts to improve risk assessment for Giardia 
infection is the research of Teunis et al. (1997). Each of the factors contributing to 
quantitative risk assessment for Giardia lamblia was treated as a stochastic variable, 
for which a suitable distribution was proposed to analyse the uncertainty in the risk 
of infection estimations. It was found that the major contributing factors are: the 
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the viability of recovered cysts; the removal of organisms in the treatment process; 
and the daily consumption of unboiled tap water. In this study, the calculation 
of the risk of infection due to exposure to Giardia cysts in drinking water from 
a surface-water supply in The Netherlands showed that the uncertainty in the 
estimated removal efﬁciency of the treatment process dominates the uncertainties 
due to other contributing factors.
A further example is the work of a Canadian research programme (Saint 
Lawrence Vision, 2000), which quantiﬁed the risk of waterborne Giardia (and also 
Cryptosporidium) in 45 drinking-water treatment plants. A Monte Carlo model 
was developed (Barbeau et al., 2000) using a distribution of r parameter values, 
that was constructed using 1000 bootstrap replications of the original data from 
Rendtorff et al. (1954), as described elsewhere (Haas et al., 1996, 1999).
The potential risk of Giardia associated with the use of reclaimed wastewater 
was assessed by Ryu et al. (2007) for three exposure scenarios: landscape irrigation 
for golf courses; playgrounds; and recreational compounds. In this study, a relatively 
low risk of Giardia infection was estimated from exposure to the tertiary-treated 
efﬂuents from seven reclaimed water treatment plants, located in the southwestern 
USA, where dual disinfection practices – chlorination and ultraviolet disinfection 
– demonstrated better reduction of this parasite.
An example of QMRA and hazard analysis and critical control points (HACCP) 
was applied to a wastewater tertiary treatment plant in the city of Hässleholm, 
Sweden (see Westrell et al., 2004). Here, primary and biological sludge (dewatered 
and anaerobically digested) is stored outside the wastewater treatment plant before 
its reuse on agricultural land. The risk of infection from Giardia, as part of a wider 
list of pathogens selected for control purposes, was estimated. The human exposure 
scenarios considered were during treatment, handling, soil application and raw crop 
consumption, and via water at a wetland area and recreational swimming. It was 
found that the consumption of vegetables grown in sludge-amended soil presented 
a lower risk and resulted in a lower number of yearly infections (2 × 10–3 median 
risk per year) than expected. However, the authors pointed out that a signiﬁcantly 
higher risk would result if the organisms occurred in higher concentrations in 
lumps of sludge rather than being homogeneously distributed as assumed. It 
must also be taken into consideration that current Swedish regulations require a 
ten-month interval between sludge fertilization and harvesting of crops for raw 
consumption. However, in this study, a worst case scenario assuming only a one-
month interval was applied.
Issues regarding dose-response
The Giardia dose-response relationship deﬁned by Rendtorff (1954) has been 
applied in many risk-assessment studies since 1990. These studies used the 
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different exposure routes and reveal the breadth of experience gained from its 
application for risk assessment.
One concern is about the ratio of asymptomatic to symptomatic Giardia 
infections, because in Rendtorff’s experiments positive response was measured by 
cyst excretion, but illness was not determined. Infection with Giardia is usually 
asymptomatic in humans (Benenson, 1990; Farthing, 1994), with around 39 per 
cent of the Giardia infections in children less than ﬁve years of age and 76 per cent 
of the Giardia infections in adults having no symptoms. Symptomatic infections, 
however, have been reported at a rate of 50–67 per cent and as high as 91 per 
cent, while chronic giardiasis may also develop in as much as 58 per cent of the 
population infected (Rose et al., 1991). Moreover, there is evidence that there may 
be some degree of population immunity, associated with exposure to Giardia cysts 
in drinking water (Roxstrom-Lindquist et al., 2006). Thus, the illness to infection 
ratio is highly variable (Nash et al., 1987) and risk estimates based on infection as 
an endpoint may overestimate the number of cases of illness. 
Another important issue regarding the dose-response curve based on the 
Rendtorff data is uncertainty about differences in infectivity due to strain variation 
and the immune response to infection by different populations. The Rendtorff 
data are derived from a single Giardia lamblia strain and a relatively small sample 
population of adults. Hence, variability related to infectivity of different strains 
and to the immune response of hosts cannot be addressed (Zmirou-Navier et al., 
2006). The conﬁdence interval for the probability of infection at a speciﬁc dose 
does not take these uncertainties into account when using the model as a predictive 
tool. Thus, these limitations must be taken into account in risk-assessment studies 
(Rose et al., 1991).
Assuming the dose-response relationship derived from the Rendtorff data 
is representative, we may be overestimating giardiasis risks if we assume that all 
Giardia cysts detected in water are viable and are species that infect humans (Rose 
et al., 1991). To date, there are no data on the viability of Giardia cysts detected in 
reclaimed water (Ryu et al., 2007). On the other hand, the underestimation of risk 
may be of greater concern due to underestimation of exposure by the inefﬁciencies 
of the methods to concentrate and detect Giardia cysts in water. In spite of its 
limitations, the dose-response model for Giardia can be helpful for interpreting 
data from waterborne disease outbreaks and disease surveillance data associated 
with various exposure routes (Rose et al., 1991).
The current dose-response information for Giardia is based on healthy adult 
hosts. From a public-health perspective, this is not the most important group. 
Compared to newborns, elderly persons and other risk groups, the estimated risks 
of infection using these data may be an underestimation for some subgroups of 
the population (Teunis et al., 1997). Other factors, such as nutritional status, 
predisposing illness and previous exposure will also play a role in determining 
susceptibility to infection and the outcome of an infection (Flannagan, 1992).EVALUATE AND DEVELOP HEALTH RISK-BASED STANDARDS  75
Helminth eggs
As described in Chapter 2, helminthiases diseases are frequently linked to the use of 
wastewater, sludge or excreta in agriculture. Helminthiases are transmitted through 
the ingestion of helminth eggs which are the ova of a wide variety of pathogenic 
worms (Jiménez, 2009) and are considered to be the most resistant biological 
particles in the ﬁeld of environmental engineering. The occurrence of helminth 
eggs in wastewater and sludge in developing countries differs considerably from that 
of industrialized countries because of the much lower prevalence of these infections 
in the latter (Jiménez, 2009). The presence of helminth eggs in wastewater or sludge 
cannot be inferred from the presence or concentration of faecal coliforms that are 
just bacterial indicators of faecal contamination. Additionally, faecal coliforms 
behave differently than helminth ova in conventional disinfection systems. For 
example, helminth eggs cannot be inactivated with chlorine, UV light or ozone 
(Jiménez, 2007). Differences in health conditions (Table 4.1) mean that the 
helminth ova (HO) content in wastewater and sludge can be 7–80 times greater 
in developing countries relative to developed ones. 
WHO (2006) has set a limit surveillance criterion of ≤ 1 HO per litre for 
wastewater used for irrigation. In faecal sludge, WHO suggests a limit of 1 HO 
g-1 TS (TS: total solids). These values were established based on epidemiological 
evidence and not by using risk-assessment approaches (Navarro et al., 2009). 
Unfortunately, considering the high initial helminth egg concentrations present 
in wastewater and sludge in many developing countries, these criteria require very 
high efﬁciencies in treatment methods (< 99 per cent) that are often unaffordable. 
Thus, there is a need to determine whether these values are really necessary to 
protect human health and also how efﬁcient other intervention methods, such as 
washing produce, are. For all these reasons, it is important to estimate the risk, 
and to achieve this, a dose-infection curve is needed. 
Examples of dose-response and QMRAs applied to  
helminth eggs 
In developing countries, it is difﬁcult to obtain outbreak data. This is due to 
the endemic nature of helminth infections, such as Ascariasis, Trichuriasis and 
Schistosomiasis, the number of sources of infection and the delays observed between 
exposure to the pathogen and symptomatic response. Despite these limitations, a 
QMRA analysis was performed using a dose-response curve developed by Navarro 
et al. (2009), with information available from three previous studies. The ﬁrst was 
an epidemiological study establishing the prevalence of Ascaris lumbricoides in the 
Mezquital Valley, Mexico (Blumenthal et al., 1996; Cifuentes et al., 1991, 1993). 
The second source of data was a wastewater-quality study assessing the occurrence 
of A. lumbricoides in the wastewater used to irrigate the valley (Jiménez et al., 76  RISKS AND RISK ASSESSMENT
1992). The third study consisted of experimental research on the occurrence of A. 
lumbricoides in crops grown in biosolids-enriched soil (Jiménez et al., 2006).
Ascaris lumbricoides dose-response
The data from these studies was used to develop a dose-response relationship 
for exposure to A. lumbricoides through ingestion of raw crops irrigated with 
wastewater. The population of concern was children of less than 15 years of age 
from different communities in the Mezquital Valley (3,346 population sample 
size). This is the most vulnerable group in the valley, with the highest annual A. 
lumbricoides prevalence rate of between 10 and 17 per cent (Blumenthal et al., 
1996; Cifuentes et al., 1991, 1993). This group is exposed to different helminth 
ova concentrations on crops because the quality of the wastewater used for 
irrigation varies through the valley as a consequence of sedimentation in several 
reservoirs. This variation (33 to 73 A. lumbricoides ova/5 litres of wastewater) was 
characterized from data measured across the irrigation channels in the valley, taking 
into account the variation in the viability of the ova (52–93 per cent). In addition, 
some assumptions were made in estimating the exposure dose; it was assumed that 
10ml of wastewater remains (Shuval et al., 1997) in each 100g of produce eaten 
raw such that the Ascaris levels on crops varied from 0.42 to 1.15 Ascaris per 100ml 
of water in the crop. Ingestion of 100g of raw crops per week during a year was 
assumed as a reasonable mean consumption for a child.
The best-ﬁt dose-response relationship for the epidemiological data, following 
the procedure of Haas et al. (1999), was a beta-Poisson model (alpha = 0.104 beta 
Table 4.1  Helminth ova (HO) content in wastewater and sludge from different 
countries
Country or region Municipal wastewater HO l–1 Sludge HO g–1 TS
Developing countries 70–3000 70–735
Brazil 166–202 75
Egypt No data Mean: 67; 
maximum: 735
Ghana No data 76
Jordan 300 No data
Mexico 6–98 in cities
Up to 330 in rural and peri-urban areas
73–177
Morocco 840 No data
Ukraine 60 No data
France  9 5–7
Germany No data < 1
Great Britain No data < 6
United States 1–8 2–13
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= 1.096) to estimate risk of A. lumbricoides infection for a child who consumes raw 
crops once per week during a year. A detailed description of the estimates may be 
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This dose-response relationship focuses on infection prevalence rather than on 
illness or disease. It applies only for A. lumbricoides infection in a typical Mexican 
wastewater irrigation scenario, but may not be representative for other common 
helminthiases in developing countries with different infectivity and severity 
of illness (Jiménez, 2007). Thus, this method should be replicated in other 
developing countries to ﬁt the dose-response relationship to their local scenarios. 
Recognizing that there are several sources of uncertainty in the model proposed, 
some improvements may be considered depending on the availability of data. For 
example, appropriate data for the speciﬁc study region regarding types of crops, 
ranges of pathogen levels in wastewater, estimates of the amount of wastewater 
remaining on the crop, range of typical crop consumption and frequency, are 
needed to reduce uncertainties; furthermore, the use of probability distributions 
to describe model variables will improve the conﬁdence of infection predictions.
QMRA for Ascaris lumbricoides
The results of a QMRA for A. lumbricoides, based on the dose-response developed 
in the above equation, are presented to analyse the potential risks from agricultural 
wastewater and sludge reuse in developing countries, and to develop feasible, risk-
based limits on helminth ova on wastewater and sludge rather than criteria based on 
limited epidemiological data and efﬁciencies of treatment processes. Two scenarios 
were considered to illustrate how safety criteria may be estimated applying QMRA: 
consumption of raw spinach irrigated with untreated wastewater; and consumption 
of raw spinach and carrots grown in biosolids-amended soil.
The available data on the quality of wastewater used for irrigation, the quantity 
of wastewater remaining in crops, as well as the population of concern (children 
under 15 years of age) and the exposure frequency (once per week during a year) 
used for the development of the dose-response were considered. Additionally, 
data on child ingestion rates (IR) for each vegetable (IRcarrot, IR spinach) available 
in an international database (USEPA, 1997 and 2002) were assumed for QMRA, 
rather than a point estimation of 100g/d that was used previously. These new 
data sources and assumptions improve the risk estimation and allow analysis of 
the exposure variability. A detailed description of the exposure dose estimations 
and risk calculations may be found in Navarro et al. (2009) and in Jiménez and 
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Infection risk from eating raw vegetables irrigated with 
untreated wastewater
The annual expected risk of A. lumbricoides infection associated with a single week 
of exposure to wastewater-irrigated spinach eaten raw after harvesting, estimated 
with the beta-Poisson model, varied from 5 × 10–2 to 9 × 10–1 per child per year. 
This estimate implies an infection rate of 5 per cent to 89 per cent in the exposed 
population after one year and illustrates a worst case scenario where no hygiene 
measures were assumed.
If a washing procedure is added after harvesting (for example, with weak 
detergent solution and rising thoroughly with safe drinking water) and reduces 
the Ascaris ova concentration by 1 log10 (WHO, 2006), the risk estimates for 
Ascaris infection are reduced by two orders of magnitude (between 5 × 10–3 to 2.5 
× 10–1 per child per year). The expected infection rate would be less than 17 per 
cent per year, except for when the maximum values for Ascaris levels in irrigation 
wastewater (115 Ascaris ova/5 litres) and for consumption (270g/d) are assumed 
(Figure 4.3).
Infection incidence of less than 3 per cent might occur if efﬁciencies of the 
washing procedure were further improved resulting in a 2 log reduction in Ascaris 
exposure (between 6 × 10–4 to 2.7 × 10–2 per child per year).
These results show that risk of Ascaris infection depends on the concentration 
of the pathogen in the wastewater and the application rate on the crops (CAscaris), as 
well as the quantity of potentially contaminated crops that are consumed (IRspinach). 
We demonstrate how the risk of infection could be reduced if improved washing 
of the harvested produce is practised.
Thus, considering those factors that inﬂuence the health-risk estimates, even 
though the overall risk of infection may be greater than 10–4 (6 × 10–4 to 3 × 10–2 
per child per year), a less risky and feasible application of wastewater for irrigation 
in the region may be achieved if CAscaris ≤ 115 Ascaris lumbricoides ova/5 litres 
(equivalent to 23 viable Ascaris ova per litre) is used for irrigation. This level of 
health protection may well be reinforced with intervention methods that include 
sanitary campaigns to improve harvesting and both commercial and consumers’ 
washing procedures, among other practices.
Infection risk from eating raw vegetables grown in biosolids-
amended soil
In order to estimate the risk of eating raw vegetables grown in soil fertilized with 
biosolids (0.25, 1, 4 and 37 HO/gTS), the results from an experimental study 
were used to estimate the number of pathogens on the crop, assuming that A. 
lumbricoides accounted for 90 per cent of the total helminth ova (HO/g) content 
in spinach (6.5–305 Ascaris/100g) and carrots (0.3–49 Ascaris/100g). A detailed 
description of the data is published elsewhere (Jiménez et al., 2006).EVALUATE AND DEVELOP HEALTH RISK-BASED STANDARDS  79
The annual risk of consuming uncooked spinach grown on biosolids-amended soil, 
after harvesting, without any intervention method, was estimated to be 1 infection 
per child per year. In this case, unlike the estimated risks associated with wastewater 
irrigation, the estimated infection rates were similar to the ascariasis incidence rate 
observed in the region (< 17 per cent) – assuming the USEPA (1993) criterion of 
HO/4gTS equivalent to 0.25 HO/gTS for the biosolids and a washing procedure 
that provides a 2 log10 reduction in A. lumbricoides ova concentration on the 
spinach (Figure 4.4). This applies to a spinach consumption rate by children of ≤ 
65g/d once per week during a year. The 0.25 HO/gTS criterion for biosolids is a 
restrictive limit for developing countries where it is difﬁcult to reduce the typically 
high HO content in sludge to such low levels.
A comparative QMRA for spinach and carrots grown on biosolids-amended 
soil (Navarro et al., 2009) illustrates that the health risk is also a function of the 
type of crop. These results indicated that the annual risk (4.5 × 10–3 to 9.6 × 10–1 
Ascaris infections per child per year) from raw carrot ingestion is less than the 
annual risk associated with spinach consumption. In fact, an initial limit for the 
region, with annual infection rates expected < 22 per cent, may be set at 4 HO/
gTS content in biosolids for a reasonable carrot mean consumption rate ≤ 100g/d 
once per week during a year (Figure 4.5). This situation, although not ideal, would 
turn out to be an acceptable safety limit with gradual reductions that progressively 
improve local health, social and economic conditions, since this limit is feasible 
in developing countries.
Figure 4.3  Risk estimate from annual exposure to spinach irrigated with four 
different Ascaris concentrations in wastewater for several consumption rates




































Spinach Ingestion Rate (g/d)
31 Ascaris/5L in wastewater
66 Ascaris/5L in wastewater
73 Ascaris/5L in wastewater
115 Ascaris/5L in wastewater
31 Ascaris/5 litres in wastewater
66 Ascaris/5 litres in wastewater
73 Ascaris/5 litres in wastewater
115 Ascaris/5 litres in wastewater80  RISKS AND RISK ASSESSMENT
These real scenarios illustrate a QMRA approach for examining the risks of 
Ascaris infection associated with crops that are either irrigated with wastewater or 
grown in soil that has been amended with faecal sludge. These analyses indicate 
that differences in the level of exposure to pathogenic organisms may arise from 
Figure 4.4  Estimated annual risk of Ascaris infection associated with exposure  
to spinach grown on biosolids-amended soil





































Spinach Ingestion Rate (g/d)
2 Log Reduction for 0.25 HO/gTS
Figure 4.5  Estimated annual risk of Ascaris infection associated with exposure  
to carrots grown on biosolids-amended soil
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variations in HO concentrations in vegetables and in consumption patterns. To 
improve conﬁdence in the estimated risks predicted by these analyses, those factors 
contributing to increased variability need to be better characterized in order to 
develop safe and feasible HO limits for wastewater and biosolids that are applied 
in food-crop production in developing countries. Other factors inﬂuencing HO 
concentrations in vegetables include irrigation practices, differences between ova 
accumulation on root or non-root crops, excreta application rates and efﬁcacy 
of ova reduction during produce-washing. Therefore, the actual occurrence and 
concentration of A. lumbricoides in food crops will improve conﬁdence in the risk 
estimation.
HELMINTH OVA STANDARDS FOR DEVELOPING COUNTRIES
The analyses presented above suggest that WHO guideline limits for wastewater 
and sludge reuse in agricultural production may be too restrictive for developing 
countries. These findings illustrate that recommended thresholds for HO 
concentrations in wastewater and biosolids could be raised by an order of magnitude 
for some settings and would not signiﬁcantly increase the risk of Ascaris infection 
above current endemic rates. Although higher Ascaris infection rates would 
be predicted by a change in the thresholds and the risk estimates are greater 
than 10–4 per child per year, changing the HO standards to those that predict 
infection rates that are still less than the local endemic prevalence may induce a 
gradual improvement in population health conditions. Finally, limits on pathogen 
concentrations in wastewater and biosolids used for irrigation or fertilization 
should be implemented in an integrated framework for risk management where 
other sources of helminth exposure and the impact of additional health-protection 
measures, such as improvements in the washing of produce, may be considered.
CONCLUSIONS
Application of microbial risk assessment approaches
As presented here, it is feasible to examine the potential risks of infection associated 
with the consumption of food crops that are irrigated with wastewater or fertilized 
with biosolids using a QMRA approach. The application of QMRA to this situation 
requires information on pathogen dose-infection relationships, transmission 
pathways, occurrence (frequency and concentration) of pathogens in wastewater 
and biosolids, persistence of pathogen viability or infectivity in the environment 
and on the food crops and crop consumption (amount and frequency). This 
approach allows the exploration of various ‘what if’ scenarios that can include 
interventions to reduce exposure – such as treatment of the wastewater or biosolids 
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However, assessment of the risks associated with ingestion of food crops 
irrigated or fertilized with wastewater, biosolids or faecal sludge should consider 
the local context of likely exposure routes, pathogen occurrence and concentration 
in wastewater and biosolids, and endemic disease rates. The availability of local 
data for these inputs into the risk-assessment model may be very limited or non-
existent, especially in developing countries. 
Estimating exposure
Pathogens are rarely measured in environmental samples (wastewater, biosolids, 
faecal sludge, soils and crops) because of the laboratory resources required for these 
analyses. Data from microbial indicator organisms (such as E. coli or coliphage) 
may be easier to collect in developing countries and may provide some indication 
of the magnitude of pathogen concentrations in wastewater or biosolids or on 
produce (Salgot et al., 2006). Similarly, the measurement of microbial indicator 
organisms may also provide information on the magnitude of microbial reduction 
that occurs from speciﬁc interventions, such as washing produce or changing 
irrigation methods. The use and choice of microbial indicators for waterborne 
pathogens has been extensively reviewed by the National Research Council (2004). 
However, for helminths there is no alternative indicator.
Estimating dose-response
Dose-response information is a critical component of microbial risk assessment. As 
described in this chapter, dose-response data are not available for all the pathogens 
of interest and there are several sources of uncertainty in existing dose-response 
data. Dose-response information often comes from studies conducted on healthy 
adults in industrialized countries and may not reﬂect the response of vulnerable 
subgroups in the population (young children and the elderly) or populations 
in developing countries where there may be greater local immunity to speciﬁc 
infections that are endemic. Dose-response data from outbreaks in developing 
countries is also rare because of the lack of resources for investigations. So, it may 
not be possible to use this as a source for estimating the dose-response relationship 
in a developing-country setting. In some settings, data on paediatric diarrhoea 
or helminth infections may be available from government surveillance systems, 
government or private health clinics, national demographic and health surveys or 
from speciﬁc research studies. Using QMRA, it may be possible to test the potential 
appropriateness of different dose-response functions by validating with outbreak 
data (Haas and Eisenberg, 2001) or comparing predicted risk to actual disease rates 
reported in surveillance systems or research studies.EVALUATE AND DEVELOP HEALTH RISK-BASED STANDARDS  83
Guidelines for safe use of wastewater, biosolids and faecal 
sludge for food crops
Microbial risk assessment can be a tool to test the usefulness of international 
guidelines and standards for acceptable levels of pathogens in wastewater, biosolids 
and faecal sludge used in the production of food crops in a deﬁned context that 
takes into account local exposure routes, local immunity and alternate health 
risks. QMRA can be used to develop safe, appropriate local guidelines that can be 
adjusted as agricultural production becomes more advanced and the health and 
quality of life in the community improves. 
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ABSTRACT
This chapter reviews developments since the WHO Guidelines for the safe use of 
wastewater in agriculture were published in 2006. The six main developments are: 
the recognition that the tolerable additional disease burden may be too stringent 
for many developing countries; the beneﬁts of focusing on single-event infection 
risks as a measure of outbreak potential when evaluating risk acceptability; a more 
rigorous method for estimating annual risks; the availability of dose-response data 
for norovirus; the use of QMRA to estimate Ascaris infection risks; and a detailed 
evaluation of pathogen reductions achieved by produce-washing and disinfection. 
Application of the developments results in more realistic estimates of the pathogen 
reductions required for the safe use of wastewater in agriculture and consequently 
permits the use of simpler wastewater treatment processes. 
INTRODUCTION
Since the publication of the 2006 WHO Guidelines for the safe use of treated 
wastewater in agriculture (WHO, 2006) there have been several pertinent 
developments in risk analysis techniques and the interpretation of the resulting 
risks. These include:90  RISKS AND RISK ASSESSMENT
•  Recognition that a tolerable additional disease burden of ≤10–6 Disability-
Adjusted Life Year (DALY) loss per person per year (pppy) may be too stringent 
in many developing-country settings and that a DALY loss of ≤10–5 or even 
≤10–4 pppy may be sufﬁciently protective of human health (WHO, 2007).
•  A persuasive argument for focusing on single-event infection risks as a measure 
of ‘outbreak potential’, rather than annual risks alone, when evaluating risk 
acceptability (Signor and Ashbolt, 2009).
•  A more rigorous method for estimating annual risks (Karavarsamis and 
Hamilton, 2009; see also Benke and Hamilton, 2008).
•  The availability of dose-response data for norovirus (Teunis et al., 2008).
•  Application of QMRA to estimate Ascaris infection risks (Navarro et al., 
2009). 
•  Evaluation of pathogen reductions achieved by produce-washing and disinfection 
(Amoah et al., 2007).
LESS STRINGENT TOLERABLE BURDEN OF DISEASE
In Levels of Protection, one of the documents in the rolling revision of its drinking-
water quality guidelines, WHO (2007) states that, ‘in locations or situations where 
the overall burden of disease from microbial, chemical or radiological exposures 
by all exposure routes is very high, setting a 10–6 DALY [loss] per person per year 
annual risk from waterborne exposure will have little impact on the overall disease 
burden. Therefore, setting a less stringent level of acceptable risk, such as 10–5 or 
10–4 DALY [loss] per person per year, from waterborne exposure may be more 
realistic, yet still consistent with the goal of providing high-quality, safer water and 
encouraging incremental improvement of water quality.’ Following the principles 
of the Stockholm Framework (Fewtrell and Bartram, 2001), this can be adapted 
and applied to wastewater use in agriculture. 
Thus, for communities with high levels of diarrhoeal disease it is probably 
unrealistic to set a tolerable additional burden of disease of ≤10–6 DALY loss pppy; 
a more realistic level might be ≤10–5 DALY loss pppy for consumers of wastewater-
irrigated food crops eaten uncooked and ≤10–4 DALY loss pppy for those who 
work (or play) in wastewater-irrigated ﬁelds. A less stringent level could be set for 
the latter if they are given the option to make an informed choice regarding their 
working conditions and thus their occupational health risks (they are a readily 
identiﬁable group of people who can be easily given treatment when necessary, for 
example, oral rehydration salts and anti-helminthic drugs).
Fieldworkers would therefore be protected, at least partially, by wastewater 
treatment that achieves a pathogen reduction of two orders of magnitude lower 
than that for ≤10–6 DALY loss pppy, which is a reduction of only 1–2 log units. 
Similarly, consumers would be protected by a total pathogen reduction one order 
of magnitude lower than that for ≤10–6 DALY loss pppy, which is a reduction of 
only1–2 log units by wastewater treatment supplemented by 4–5 log units achieved TOOLS FOR RISK ANALYSIS: UPDATING THE 2006 WHO GUIDELINES  91
by post-treatment health-protection control measures. This is discussed further in 
this book.
SINGLE-EVENT INFECTION RISKS AS A MEASURE  
OF ‘OUTBREAK POTENTIAL’
The probability of infection used as a benchmark for acceptability is typically the 
annualized probability of infection, where independent exposure events throughout 
the year are used to estimate the annual risk (as presented in the section below). 
However, the instantaneous level of infection risk to the exposed population 
ﬂuctuates throughout the year, with disease outbreaks typically associated with 
shorter-duration periods of heightened risk. Signor and Ashbolt (2009) present 
a case for the widespread adoption of shorter-duration reference periods (i.e. per 
exposure or per day) for infection probability targets with which to assess, report 
and benchmark risks. They argue that doing so may provide opportunities for 
improved water-related disease risk management, with an incentive to reduce the 
occurrence and impact of event-driven peaks. Signor and Ashbolt suggest that 
for a design or operational target of annual disease risk of 10–4 per person, a daily 
or single-exposure disease probability of 10–6 per person would meet the aims 
of the original target, as well as promote the undertaking of measures to control 
the extent of short-term adverse risk ﬂuctuations. This could be generalized to a 
single-exposure disease risk of 10–(x+y) pppy for an acceptable annual disease risk of 
10–x per person, where the value of y depends on the frequency of exposure. The 
corresponding infection risks would, of course, be lower.
MORE RIGOROUS METHOD TO ESTIMATE ANNUAL RISKS
Karavarsamis and Hamilton (2009) recommend a superior method of estimating 
annual infection risks from QMRA-Monte Carlo simulations. This method is 
described in detail in Box 5.1 as Approach A. In brief, it appropriately represents 
daily variation in infection risk in the determination of annual risk, in contrast 
to the common practice (Approach B) of extrapolating an imprecise estimate of 
annual risk from infection risk for any one day of exposure (as in the procedure 
used by Mara et al., 2007, and in the 2006 WHO Guidelines). Karavarsamis and 
Hamilton point out that repeated calculation through simulation does not solve the 
shortcomings of the latter approach: it merely generates a distribution of imprecise 
estimates. Risk estimates resulting from the application of both methods to ﬁve 
wastewater irrigation scenarios, presented in Table 5.1, show that, while the median 
risks from the two methods are similar, the Karavarsamis and Hamilton method 
yields 95-percentile risks, which are sometimes used as conservative estimates of 
annual risk, up to an order of magnitude lower than the WHO (2006) method.92  RISKS AND RISK ASSESSMENT
BOX 5.1 IMPROVED REPRESENTATION OF UNCERTAINTY IN 
ANNUAL INFECTION RISK MODELLING
The earliest QMRA methods for wastewater irrigation tended to use straightforward 
deterministic models, where model parameters are represented by single values 
(point-estimates) (e.g. Asano et al., 1992; Shuval et al., 1997). More recently, modelling 
techniques such as Monte Carlo simulation (MCS) have been employed and encouraged 
in an effort to account for uncertainty (WHO, 2006). However, proper and effective 
use of these tools involves more than just substituting probability distributions for 
point-estimates: it demands careful attention to model structure, assumptions and 
computation.1
Having used exposure and dose-response models to determine the infection risk, 















k p  is the infection probability for the kth iteration of an exposure event in the jth 
simulation, and where events are assumed to be independent. 
Clearly, if one exposure event is assumed to occur each day of the year, then 
j
k p  
represents a daily risk (i.e. n = 365) and P∑ j is an annual risk. MCS can be used to draw 
realizations of dose, 
j
k λ s, from an exposure model, which can then be fed through a 
dose-response model to yield 
j
k p , and this can be done n times and Equation 5.1 
used to give a single estimate of total risk, P∑ (Figure 5.1). This entire process can then 
be repeated m times to obtain a simulated distribution of P∑ j, to obtain a variance of the 
annual risk estimate. Thus, this approach involves simulations labelled j (j = 1, 2, … m) 
which comprise iterations labelled k (k = 1, 2, … n).
Figure 5.1  Schematic of recommended (Approach A) and not recommended 
(Approach B) methods for determining annual infection risk
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If each exposure event is assumed to result in the same (i.e., constant) probability of 
infection, p, then Equation 5.1 reduces to: 
p∑ l=1 – (1 – pl)n  5.2
for a given simulation, l. Equation 5.2 is clearly appropriate for a simple deterministic 
risk assessment, where the infection probability is described by a single constant value, 
p, for every exposure event. Often there is only one dose value available and this is then 
run through a dose-response model to yield a single probability of infection. Equation 
5.1 is simply not an option in such circumstances. There are limitations associated with 
representing dose and consequently infection probability with a single value (Benke 
and Hamilton, 2008), nevertheless Equation 5.2 is a logical way of determining total risk 
under the assumption of constant infection probability per exposure event. 
However, problems arise when this constant event infection probability assumption is 
violated. This has mostly occurred in the context of stochastic QMRAs that have used 
Equation 5.2 with MCS in an attempt to account for uncertainty in the dose distribution 
(e.g., van Ginneken and Oron, 2000; Hamilton et al., 2006; Mara et al., 2007; Seidu 
et al., 2008; WHO, 2006). This method is represented schematically in Figure 5.1 as 
Approach B. For a given simulation, l, a dose, λl, is drawn and, following implementation 
of the dose-response model, this gives rise to an event infection probability, pl. Note that 
for this approach an iteration is equivalent to a simulation. Next, in an invalid attempt to 
determine an estimate of total risk, this process is then repeated s times. The key error 
in this approach is that the constant event infection probability assumption of Equation 
5.1 is not met. Plainly pl(l = 1, 2, ... s) is not constant for each and every event of n. 
Iterating Equation 5.1 thousands of times with a different ‘constant’ value is simply 
pseudoreplication as reproducing a component of total risk many times over is not 
the same as simulating replications of the annual risk itself. The intent of the MCS to 
characterize uncertainty in total risk estimation is therefore not achieved in Approach B, 
and consequently Approach A is now recommended.
Table 5.1  Comparison of the Karavarsamis and Hamilton (2009) and WHO 
(2006) methods for determining annual rotavirus infection risks pppy from the 
consumption of wastewater-irrigated lettuce a
Wastewater quality Rotavirus infection risk per person per year
(E. coli per 100ml) WHO (2006) Karavarsamis & Hamilton (2009)
Median 95-percentile Median 95-percentile
107–108 1 1 1 1
103–104 0.29 0.70 0.36 0.39
100–1000 3.4 × 10–2 0.11 4.5 × 10–2 4.9 × 10–2
10–100 3.5 × 10–3 1.3 × 10–2 4.6 × 10–3 5.1 × 10–3
1–10 3.4 × 10–4 1.2 × 10–3 4.6 × 10–4 5.1 × 10–4
aEstimated by 10,000 Monte Carlo simulations. Assumptions: 100g lettuce eaten per person per two days; 10–15ml 
wastewater remaining on 100g lettuce after irrigation; 0.1–1 rotavirus per 105 E. coli; no pathogen die-off; N50 = 6.7 ± 25% 
and α = 0.253 ± 25%.94  RISKS AND RISK ASSESSMENT
ESTIMATES OF NOROVIRUS INFECTION RISKS
The ‘index’ viral pathogen used in the 2006 Guidelines was rotavirus. However, 
a better index virus is norovirus (NV), which is a very common, if not the 
commonest, cause of gastroenteritis and certainly the commonest viral cause 
of gastroenteritis, affecting all age groups (Widdowson et al., 2005) – whereas 
rotavirus mainly affects children under the age of three – and for which dose-
response data are now available (Teunis et al., 2008). 
The tolerable NV disease and infection risks corresponding to a tolerable 
DALY loss of 10–5 pppy were determined using a DALY loss of 9 × 10–4 per case 
of NV disease (Kemmeren et al., 2006) and an NV disease/infection ratio of 0.8 
(Moe, 2009) as follows: 
                                   Tolerable DALY loss ppy              10–5
Tolerable NV disease risk = –––––––––––––––––––––––––– = ––––– –– = 1.1 × 10–2 pppy  5.3
                                     DALY loss per case of NV disease  9 × 10–4
                                       Tolerable NV disease risk pppy    1.1 × 10–2
Tolerable NV infection risk = –––––––––––––––––––––––– = –––––– –– = 1.4 × 10–2 pppy  5.4
                                 NV disease/infection ratio          0.8
The NV dose-response dataset of Teunis et al. (2008) was used in place of the beta-
Poisson equation in the QMRA-MC computer program developed to determine 
median NV infection risks pppy (Teunis and Havelaar, 2000); the program was 
based on the Karavarsamis and Hamilton method described in this section. The 
resulting estimates of median risk obtained are given in Table 5.2, together with 
the assumptions on which they are based (which are the same as those used in the 
2006 Guidelines but without pathogen die-off) (Mara and Sleigh, 2009a). This 
shows that a reduction of 5 log units results in an NV infection risk of 2.9 × 10–2 
pppy, which is only marginally higher than the tolerable NV infection risk of 1.4 
× 10–2 pppy determined above. 
ESTIMATES OF ASCARIS INFECTION RISKS
The 2006 WHO Guidelines for the safe use of wastewater in agriculture (WHO 
2006) make the same recommendation for helminth eggs as was made in the 
1989 Guidelines (WHO 1989): ≤1 human intestinal nematode egg per litre of 
treated wastewater. The human intestinal nematodes of importance here are Ascaris 
lumbricoides (the human roundworm), Trichuris trichiura (the human whipworm), 
and Ancylostoma duodenale and Necator americanus (the human hookworms). 
However, epidemiological studies in Mexico have shown that, while this guideline 
value protects adults, it does not protect children under the age of 15 (Blumenthal 
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guideline value to ≤0.1 egg per litre wherever children under 15 are exposed and 
the soil conditions are favourable to egg survival, but this recommendation was not 
accepted by the international group of experts who participated in the development 
and review of the Guidelines at a meeting held in Geneva in June 2005, on the 
grounds that it was too difﬁcult to measure an egg concentration as low as 0.1 per 
litre. However, if the wastewater is treated in waste stabilization ponds (WSP), 
which are generally the best wastewater-treatment process in developing countries 
(Mara, 2004), the egg concentration in the efﬂuent can be simply determined 
from the egg concentration in the untreated wastewater (which is relatively easy 
to measure) by using the design equation for egg removal in WSP given by Ayres 
et al. (1992).
Since the 2006 WHO Guidelines do not protect the health of children under 
15 against intestinal nematode disease (unless, additionally, they are dewormed at 
home or at school), QMRA can be used to determine how best children under 15 
can be protected against Ascaris infection, now that Ascaris dose-response data are 
available (for details see Chapter 4). 
For a tolerable DALY loss of 10–5 pppy, a DALY loss per case of ascariasis of 
8.25 × 10–3 (Chan, 1997) and, as a worst case scenario, an Ascaris disease/infection 
ratio of 1 (i.e. all those infected with Ascaris develop ascariasis), the tolerable Ascaris 
infection risk is given by:
       Tolerable DALY loss ppy              10–5
–––––––––––––––––––––––––       = –––––––– –– = 1.2 × 10–3 pppy  5.5
DALY loss per case of ascariasis  8.25 × 10–3
Table 5.2  Median norovirus infection risks per person 
per year from the consumption of 100g of wastewater-
irrigated lettuce every two daysa
Wastewater quality








100–1000 2.9 × 10–2
10–100 2.9 × 10–3
1–10 2.9 × 10–4
aEstimated by 10,000 Monte Carlo simulations. Assumptions: 10–15ml wastewater 
remaining on 100g lettuce after irrigation; 0.1–1 norovirus per 105 E. coli; no die-off 
between last irrigation and consumption.
Source: Mara and Sleigh (2009a)96  RISKS AND RISK ASSESSMENT
Median Ascaris infection risks pppy from the consumption by children under 15 
of raw carrots irrigated with wastewaters containing speciﬁed numbers of Ascaris 
eggs were determined by a QMRA-Monte Carlo computer program based on 
the Karavarsamis and Hamilton method described in this chapter. The resulting 
estimates of median Ascaris infection risk obtained, and the assumptions on which 
they are based, are given in Table 5.3 (Mara and Sleigh, 2009b). This shows that 
one egg per litre results in an Ascaris infection risk of 6 × 10–3 pppy and 0.1 egg 
per litre in one of 6 × 10–4 pppy; these risks are higher and lower, respectively, than 
the tolerable Ascaris infection risk of 10–3 pppy determined above. This could be 
taken to conﬁrm the ﬁnding of Blumenthal et al. (1996) that ≤1 egg per litre is 
not protective of children under 15, and thus reinforce the recommendation of 
Blumenthal et al. (2000) that, when children under 15 are exposed, the guideline 
value should be ≤0.1 egg per litre. However, as noted in the 2006 WHO Guidelines 
(and in Chapter 3), post-treatment health-protection control measures (Table 5.4) 
achieve signiﬁcant pathogen reductions, so that wastewater treatment does not 
have to achieve the total pathogen reduction required to protect consumer health. 
This is discussed further below.
PATHOGEN REDUCTION ACHIEVED BY  
PRODUCE-WASHING AND DISINFECTION
The 2006 Guidelines allocate a 1 log unit pathogen reduction to washing 
wastewater-irrigated food crops in clean water, a 2 log unit reduction to produce 
Table 5.3  Median Ascaris infection risks for children under 15 from the 










100–1000 0.86 Raw wastewaters in hyperendemic areas.
10–100 0.24 Raw wastewaters in endemic areas.
1–10 2.9 × 10–2 Treated wastewaters.
1 5.5 × 10–3 Wastewater quality required to comply with the 1989 and 
2006 WHO Guidelines.
0.1–1 3.0 × 10–3 Highly treated wastewaters.
0.1 5.5 × 10–4 Wastewater quality recommended by Blumenthal et al. 
(2000).
0.01–0.1 3.0 × 10–4 Treated wastewaters in non-endemic areas.
aEstimated by 10,000 Monte Carlo simulations. Assumptions: 30–50g raw carrots consumed per child per week (Navarro 
et al., 2009); 3–5ml wastewater remaining on 100g carrots after irrigation (Mara et al., 2007); N50 = 859 ± 25% and α = 
0.104 ± 25%; no Ascaris die-off between ﬁnal irrigation and consumption. 
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disinfection and also a 2 log unit reduction to produce peeling. Amoah et al. (2007) 
investigated ‘common and improved sanitary washing methods for the reduction 
of coliform bacteria and helminth eggs on vegetables’ in urban West Africa, where 
56–90 per cent of the households and 80–100 per cent of the restaurants were 
found to use some kind of disinfectant for washing leafy vegetables to be eaten raw, 
with the rest using only water. In laboratory studies produce disinfection with Eau 
de Javel® (a chlorine solution commonly used for salad washing in francophone 
West Africa) achieved a 3-log unit reduction of faecal coliforms on lettuce after a 
contact time of ten minutes and subsequent rinsing in clean water. Helminth eggs 
were most effectively removed from lettuce by washing with water under an open 
tap; this achieved a reduction from nine eggs per 100g to one egg per 100g. More 
details on this are in Chapter 12.
APPLICATION TO URBAN AGRICULTURE  
IN DEVELOPING COUNTRIES
Exposure varies due to differences in consumption patterns which need to be 
accounted for in the risk calculations. For example, Seidu et al. (2008) reported 
that people in urban Ghana commonly consume 10–12g of lettuce in ‘fast food’ 
on each of four days per week. This refers to a speciﬁc situation in one developing 
country and this may or may not be representative of what happens elsewhere, 
but it is much less than the 100g of lettuce consumed on alternate days used 
by Shuval et al. (1997) to reﬂect the situation in Israel. Infection risks for this 
Ghanaian consumption of lettuce were simulated by a QMRA-Monte Carlo 
computer program based on the Karavarsamis and Hamilton method described in 
this chapter. The resulting risks, together with the assumptions on which they are 
based, are given in Table 5.4, which shows that a reduction of 4 log units results in a 
norovirus infection risk of 3.6 × 10–2 pppy, which is only marginally higher than the 
tolerable norovirus infection risk determined in the section for a tolerable DALY 
loss of 10–5 pppy. (Of course, if a larger quantity of lettuce were to be consumed, 
then the risk of infection would be correspondingly higher.) The required 4 log 
unit reduction (Table 5.4) could be achieved by, for example, a 1 log unit reduction 
by wastewater treatment and a 3 log unit reduction by produce disinfection (or, if 
disinfection is not routinely or reliably practised, a 2 log unit reduction through 
die-off and a 1 log unit reduction by produce-washing in clean water). 
Implications for wastewater treatment
In the above example wastewater treatment is required to produce only a single log 
unit pathogen reduction. This can be readily achieved by very simple treatment 
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overnight settling. The three-tank or three-pond system is operated as a sequential 
batch-fed process: on any one day one tank or pond is ﬁlled with wastewater, the 
contents of another are settling and the contents of the third are used for irrigation. 
This is a very reliable, almost foolproof system. In small-scale urban agriculture, 
as opposed to large-farm agriculture, a single tank is generally sufﬁcient (and 
more affordable): on any day in the morning the tank contents are used for crop 
watering, and the tank is then reﬁlled and its contents allowed to settle until the 
following morning.
For helminth eggs, if it is assumed that in areas where ascariasis is endemic 
untreated wastewater contains 100 Ascaris eggs per litre, a 3 log unit egg reduction 
is required to achieve 0.1 egg per litre. For root vegetables eaten raw and assuming 
that a 2 log unit reduction occurs through produce peeling prior to consumption 
(WHO, 2006), wastewater treatment is required to effect a reduction of 1 log 
unit from 100 to 10 eggs per litre. This reduction can also be achieved by any of 
the three methods described above. In hyperendemic areas (1000 eggs per litre 
of untreated wastewater) a further log unit reduction is required; this could be 
achieved by rinsing the peeled produce in a weak detergent solution and rinsing 
with clean water.
NOTE
1  The QMRA-Monte Carlo computer programs used in the preparation of this chapter 
are available at www.personal.leeds.ac.uk/~cen6ddm/QMRA.html. All these programs, 
with the exception of the one for Ascaris, use a range of pathogen-to-E. coli numbers 
– for example, 0.1–1 pathogen per 105 E. coli. This approach was taken by Shuval et 
al. (1997) and adopted in the 2006 WHO Guidelines, as there are very few, and in 
many situations no, data on pathogen numbers in developing-country wastewaters, 
Table 5.4  Median norovirus infection risks pppy from the consumption 
of 10–12g of wastewater-irrigated lettuce on four occasions per weeka
Wastewater quality 
(E. coli per 100ml)





103–104 3.6 × 10–2
100–1000 3.6 × 10–3
10–100 3.6 × 10–4
1–10 3.6 × 10–5
aEstimated by 10,000 Monte Carlo simulations. Assumptions: 10–15ml wastewater remaining on 
100g lettuce after irrigation; 0.1–1 norovirus per 105 E. coli; no die-off between last irrigation and 
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whereas E. coli numbers are available or, if not available, are easy to obtain. However, 
setting the range of pathogen numbers to 105–105 per 105 E. coli in the QMRA-MC 
programs (i.e., equating pathogen and E. coli numbers) means that the programs 
determine the pathogen risks directly, so that the ﬁrst column in Tables 5.1, 5.2 and 
5.4 would express the wastewater quality in terms of a range of pathogen numbers per 
100ml (or any other desired unit volume), rather than as a range of E. coli numbers 
per 100ml.
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Non-Pathogenic Trade-Offs  
of Wastewater Irrigation 
Manzoor Qadir and Christopher A. Scott 
ABSTRACT
The volume and extent of urban wastewater generated by domestic, industrial and 
commercial water use has increased with population, urbanization, industrialization, 
improved living conditions and economic development. Most developing-country 
governments do not have sufﬁcient resources to treat wastewater. Therefore, despite 
ofﬁcial restrictions and potential health implications, farmers in many developing 
countries use wastewater in diluted, untreated or partly treated forms with a large 
range of associated beneﬁts. Aside from microbiological hazards, the practice can 
pose a variety of other potential risks: excessive and often imbalanced addition 
of nutrients to the soil; build-up of salts in the soils (depending on the source 
water, especially sodium salts); increased concentrations of metals and metalloids 
(particularly where industries are present) reaching phytotoxic levels over the long 
term; and accumulation of emerging contaminants, like residual pharmaceuticals. 
As these possible trade-offs of wastewater use vary signiﬁcantly between sites and 
regions, it is necessary to carefully monitor wastewater quality, its sources and use 
for location-speciﬁc risk assessment and risk reduction. 
INTRODUCTION
Increased population, urbanization, improved living conditions and economic 
development have driven the generation of increased volumes of wastewater by 
the domestic, industrial and commercial sectors (Asano et al., 2007; Lazarova and 102  RISKS AND RISK ASSESSMENT
Bahri, 2005; Qadir et al., 2009). In most developing countries, urban drainage 
and disposal systems are such that domestic wastewater is mixed with industrial 
wastewater. Although water-quality management is reported to be a high priority 
and a major concern of developing-country governments, most do not have 
sufﬁcient resources to treat wastewater. In India, only 24 per cent of wastewater 
generated by households and industry is treated before its use in agriculture or 
disposal to rivers (Minhas and Samra, 2003). In Pakistan, only 2 per cent of 
wastewater is treated (IWMI, 2003). Similar challenges are found in other parts 
of Asia, Africa and Latin America (Scott et al., 2004). Wastewater treatment plants 
in most cities in developing countries are non-existent or function inadequately 
(Qadir et al., 2007). Therefore, wastewater in partially treated, diluted or untreated 
form is diverted and used by urban and peri-urban farmers to grow a range of crops 
(Ensink et al., 2002; Murtaza et al., 2009). 
Contrary to the situation of wastewater management in most developing 
countries, the use of recycled (treated) wastewater has been on the increase in recent 
years in several countries in the Middle East and North Africa, the Mediterranean, 
and parts of the USA, Latin America and Australia (Qadir et al., 2007; USEPA, 
2004).
Despite ofﬁcial restrictions and potential health implications, farmers in many 
developing countries use diluted, untreated or partly treated wastewater because: 
•  Wastewater is a reliable or often the only water source available for irrigation 
throughout the year.
•  Wastewater irrigation often reduces the need for fertilizer application as it is a 
source of nutrients.
•  Wastewater use involves less energy even when pumping, if the alternative clean 
water source is from deep groundwater, which reduces costs.
•  Wastewater generates additional beneﬁts including greater income from cultiva-
tion and marketing of high-value crops such as vegetables, which create year- 
round employment opportunities (Buechler and Mekala, 2005; IWMI, 2003; 
Keraita and Drechsel, 2004; Keraita et al., 2008; Lazarova and Bahri, 2005).
Research and decision-making on wastewater irrigation have tended to focus on 
the impacts on the health of food consumers and producers, economic implications 
for producers’ livelihoods, and food diversity, quality and prices. However, the 
biophysical implications (both positive and negative) of wastewater use and 
management in agricultural ecosystems have received relatively little attention 
(Asano et al., 2007; Lazarova and Bahri, 2005; Pescod, 1992; Pettygrove and Asano, 
1985; Qadir et al., 2009). 
This chapter addresses environmental quality in wastewater source and use 
areas, including natural water bodies that receive wastewater, through conceptual 
and empirical case-study consideration of the following constituents and processes: 
macro- and micronutrient levels; concentrations of total salts and speciﬁc ion NON-PATHOGENIC TRADE-OFFS OF WASTEWATER IRRIGATION  103
species; levels of heavy metals; and presence and intensity of organic constituents. 
Environmental quality, and the positive and negative trade-offs of these constituents 
and processes (Table 6.1) are the focus of this chapter. Pathogenic risks (viruses, 
bacteria, protozoa, helminth eggs and faecal coliforms) are addressed in Chapters 
3, 4 and 5.
WASTEWATER SOURCES AND THEIR POSSIBLE IMPLICATIONS
Wastewater is a generic term used for any water that has been adversely affected in 
quality by anthropogenic activities. Urban wastewater may be a combination of 
some or all domestic efﬂuent, water from commercial establishments, industrial 
efﬂuent and stormwater that does not inﬁltrate into soil and other urban run-off. 
Wastewater contains a broad spectrum of contaminants resulting from different 
sources, warranting suitable treatment to remove such substances before it should 
be used in agriculture to grow a range of crops.
Greywater comprises 50–80 per cent of residential wastewater. It is a speciﬁc 
term that refers to water generated from domestic processes such as dishwashing, 
laundry and bathing, but does not include wastewater from toilets, which is termed 
blackwater. Greywater is distinct from blackwater in the amount and composition 
of its chemical and biological contaminants. It gets its name from its cloudy 
appearance and from its status as being neither freshwater nor heavily polluted.
Wastewater contains different types and levels of undesirable constituents, 
depending on the source from which it is generated and the level of its treatment. In 
general, industrial wastewater contains higher levels of contaminants – metals and 
metalloids, and volatiles and semi-volatiles – than domestic wastewater and needs 
greater treatment before disposal or use. In contrast, domestic wastewater contains 
higher levels of pathogens. Because of the presence of residues of detergents and 
soaps, domestic wastewater is usually alkaline (pH > 7) unless it gets mixed with 
some acidic industrial constituents. In the case of mixed domestic-industrial 
wastewater, a common situation in developing countries, the composition of 
raw wastewater depends on the types and numbers of industrial units and the 
characteristics of the residual constituents. Table 6.1 provides an overview of 
different constituents of wastewater and their possible implications for agriculture, 
ecosystems and human health, as well as importance regionally.
POSITIVE TRADE-OFFS
Reliable irrigation supply
In general, a reliable supply of water for irrigation and essential nutrients are critical 
inputs to crop-production systems; to a large extent, wastewater irrigation fulﬁls 104  RISKS AND RISK ASSESSMENT
Table 6.1  Constituents of wastewater and their possible implications







•  No or minimal need for 
chemical N, P and K 
fertilizers
•  N supplied through 
wastewater helps in 
crop establishment in 
early growth stages 
by mitigating the 
negative effects of 
excess salts if added 
through wastewater 
irrigation or present in 
pre-irrigation soil
•  P added to the 
wastewater-irrigated 
soil helps in crop 
establishment 
throughout the growth 
period
•  Optimal level of K 
helps in crop maturity 
and quality, and in 
mitigating the negative 




or present in pre-
irrigation soil
•  Excess N applied 
through wastewater 
may lead to excessive 
vegetative growth 
(green biomass), 
delay in crop maturity, 
lodging and low 
economic yield
•  Excess N and P in 
wastewater can cause 
eutrophication of 
natural water bodies 
and in irrigation 
systems, undesirable 
growth of algae, 
periphyton attached 
algae and weeds 




(generally in infants) 
in case of drinking 
N-rich groundwater 
(particularly high levels 
of nitrates, NO3) 
•  P can accumulate 
in the soil where it is 
immobile
•  Particularly in developing 
countries where 
wastewater has high 
organic content (from 
domestic, residential, 
food-processing 
sources) and is used in 









chloride (Cl) and 
boron (B)
•  Ca supplied through 
wastewater improves 
soil structure and 
counterbalances the 
negative effects of 
accompanying high 
concentrations of Na 
and Mg
•  High electrolyte 
concentration, 
particularly resulting 




•  Excess Na and Mg can 
cause deterioration 
of soil structure and 
undesirable effects on 
hydraulic properties 
such as inﬁltration 
rate and hydraulic 
conductivity 
•  Excess salts impact 
plant growth through 
osmotic effects 
•  Speciﬁc ion effects 
from Cl, B and Na 
possible, including 
phytotoxicity 
•  Deterioration of water 
quality of natural 
surface-water bodies 
receiving wastewater 
or drainage from 
wastewater-irrigated 
land
•  Salt leaching into 
groundwater
•  Particularly in arid and 
semi-arid areas with high 
primary salinity where 
large-scale wastewater 
irrigation is practised 
and agricultural drainage 
is either non-existent or 
non-functional, or where 
saline drainage water is 





nickel (Ni), zinc 






•  No or minimal need for 
micronutrient fertilizers 
supplying essential 
metals ions such as 
Cu, Zn, Fe, and Mn
•  Excess levels in 
irrigated soils and 
the environment may 
reach phytotoxic levels
•  Systemic uptake by 
crops, particularly 
those consumed by 
humans and animals 
•  Possible toxicity in 
humans and animals 
•  Possible contamination 
of groundwater under 
highly permeable and 
shallow water table 
conditions 
•  Particularly in rapidly 
industrializing regions, 
like south and 
southeast Asia, where 
industrial waste is often 
mixed with domestic 
wastewater.
•  In Africa more localized 






•  Organic matter added 
through wastewater 
improves soil structure; 
can enhance cation 
exchange capacity 
and bind, and 
gradually releases 
essential nutrients for 
crop growth
•  Organic matter may 
also hold some 
undesirable metal 
ions rendering them in 
less available form for 
plants
•  Can contain nutrients
•  Plugging of micro 
irrigation systems 
such as drippers and 
sprinklers 
•  Hypoxic conditions 
due to depletion of 
dissolved oxygen in 
water 
•  Possible occurrence of 
septic conditions
•  Possibility of increased 
mortality in ﬁsh and 
other aquatic species 
•  Particularly in developing 
countries where 
wastewater that is high 
in food, industrial and/or 
organic content is used 










of personal care 
products) 
•  Only limited evidence 
of possible uptake by 
crops and the food 
chain, especially in 
developing countries 
where use of 
pharmaceuticals and 
personal care products 
is lower than in 
developed countries






highly permeable and 
shallow water table 
conditions 
•  Particularly in 
developed countries 




compounds and active 
residues of personal 








•  None •  Can cause a range 
of communicable 
diseases for farmers, 
traders and food 






•  Particularly in low-
income countries in 
tropical regions where 
sanitation is poor and 
endemic disease burden 
is high, like in sub-
Saharan Africa
Table 6.1  (Continued)
Constituent              Implications:
Positive Negative
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both. This is particularly important in situations where wastewater is the only 
source of irrigation water available throughout the year. Estimates show that at 
least 20 million hectares are irrigated globally with different forms of wastewater 
– treated, untreated, partly treated and diluted (Jiménez and Asano, 2008; Raschid-
Sally and Jayakody, 2008). In terms of irrigation potential in countries producing 
large volumes of wastewater, Minhas and Samra (2004) estimated that wastewater 
generated from large urban settings in India alone can irrigate 1.5 million ha. The 
supply of this water is continuous and independent of the rainfall, although it is still 
subject to scarcity resulting from drought, canal irrigation systems and availability 
of electricity. Although the land holdings in wastewater-irrigated areas are often 
small, irrigation allows for year-round farming, which may help smallholders 
escape from poverty. 
Nutrient availability 
The nutrient potential of wastewater stems from its composition, which in turn 
depends on the source of generation, dilution and treatment aspects. This is 
illustrated in Table 6.2, which shows concentrations of macronutrients (nitrogen, 
N; phosphorous, P; and potassium, K) in wastewater generated from some cities 
in India. The concentrations of these nutrient elements are highly variable: N 
(11–98mg per litre), P (1–30mg per litre) and K (16–500mg per litre). 
The concentrations of nutrients vary widely in wastewater. Although the 
nutrient-supplying capacity is considered to be a major driver for untreated 
wastewater use in agriculture, managing the nutrient availability in wastewater is 
a challenge. Treatment is generally considered to remove most nutrients, implying 
that farmers favour untreated over treated wastewater as an irrigation source. 
Comparative evaluation of macronutrient concentrations in untreated and treated 
wastewater from Haryana, India (Figure 6.1) suggests otherwise, revealing that 
treated wastewater contained sufﬁcient levels of these nutrients (Yadav et al., 2002). 
The concentration of N in untreated wastewater (40.1mg per litre) decreased to 
29.7mg per litre in treated wastewater, indicating 74 per cent of N was retained. 
The percentages of P and K retained in treated wastewater were 79 per cent and 
57 per cent, respectively.
Table 6.2  Concentrations of macronutrients (N, P and K) in wastewater generated 
from some cities in India
Location N (mg l–1) P (mg l–1) K (mg l–1) Reference
Nagpur 55–68 9–11 31–37 Kaul et al. (2002)
Calcutta 14–17 1–2 16 Mitra and Gupta (1999)
Haryana  32–70 15–30 250–500 Gupta et al. (1998)
Haryana 25–98 4–13 28–152 Baddesha et al. (1986)
Indore 11–64 1 20–54 CSSRI (2004)NON-PATHOGENIC TRADE-OFFS OF WASTEWATER IRRIGATION  107
In addition to macronutrients, wastewater irrigation also adds a range of micro-
nutrients such as iron (Fe), zinc (Zn), manganese (Mn) and copper (Cu). Table 
6.3 provides information on the concentrations of micronutrients in wastewater 
generated from some cities in India. 
Although the fertilizer value of wastewater is of great importance, periodic 
monitoring is required to estimate the nutrient loads in wastewater and adjust 
fertilizer applications (Lazarova and Bahri, 2005). Excessive nutrients can cause 
nutrient imbalances, undesirable vegetative growth and delayed or uneven 
maturity, and can also reduce crop quality and pollute groundwater and surface 
water. However, an optimal supply of macro- and micronutrients through treated 
Figure 6.1  Comparative evaluation of macronutrient concentrations in untreated 
and treated wastewater from Haryana, India 



































Table 6.3  Concentrations of micronutrients (Fe, Zn and Mn) in wastewater 
generated from some cities in India
Location Fe (mg l–1) Zn (mg l–1) Mn (mg l–1) Reference
Nagpur 1.41–1.57 0.9–1.2 0.14–0.20 Kaul et al. (2002)
Calcutta 449–656 0.3–0.4 0.65–0.66 Mitra and Gupta 
(1999)
Haryana  6–25 1.6–28.0 0.8–2.8 Gupta et al. (1998)
Haryana 0.6–21.8 0.13–0.90 0.25–0.60 Baddesha et al. 
(1986)
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wastewater eliminates or minimizes the need for the application of costly chemical 
fertilizers.
ORGANIC MATTER AND ORGANIC CARBON
Like the supply of nutrients through wastewater irrigation, the presence of organic 
matter in wastewater may have positive or negative implications depending on 
the nature of the organic materials. In terms of positive effects, organic matter 
added through wastewater improves soil structure, acts as a storehouse of essential 
nutrients for crop growth and enhances charge characteristics of irrigated soils, such 
as cation exchange capacity (CEC), which may hold undesirable metal ions on the 
cation exchange sites rendering them in less available form for plants. Since heavy 
metals in ionic form are positively charged cations, an increase in CEC results in 
greater chances of cations being adsorbed on the soil’s exchange sites.
Studies undertaken in India on the long-term effects of wastewater irrigation 
on the physical properties of soil reveal an increase in aggregate stability, water-
holding capacity, hydraulic conductivity and total porosity (Jayaraman et al., 
1983; Minhas and Samra, 2004). There was almost a consistent increase in these 
soil parameters with wastewater-irrigation duration. For example, the hydraulic 
conductivity of the freshwater-irrigated soil was 19.1cm h–1, which increased 
to 23.6cm h–1 after 15 years of wastewater irrigation; a 24 per cent increase in 
soil hydraulic conductivity. It further increased to 26.6cm h–1 after 25 years of 
wastewater irrigation; a 39 per cent increase over freshwater-irrigated soil (Table 
6.4). The data on gradual increase in soil hydraulic conductivity in wastewater-
irrigated soils suggest an increase of about 1.5 per cent per year. Soil hydraulic 
conductivity is a crucial soil physical parameter that indicates the ease of water 
movement through the soil proﬁle. The increase in other soil physical parameters, 
such as aggregate stability, water-holding capacity and total porosity, contributes to 
water storage in the soil, thereby increasing water-use efﬁciency and productivity. 
This is particularly important under conditions in which water resources for 
agriculture are scarce.
In addition to the beneﬁcial effects of soil organic matter on soil physical 
parameters, the organic carbon status of wastewater-irrigated soils increases 
irrespective of soil and agro-climatic conditions. Baddesha et al. (1997) observed 
an increase in the organic carbon level of the upper 0.3m soil depth with the 
application of wastewater for irrigation in India. Minhas and Samra (2004) 
reported that sandy loam soils irrigated with wastewater had higher organic carbon 
levels than those irrigated with groundwater. Studies on the long-term effects of 
wastewater irrigation reveal an increase in soil organic carbon of 80 per cent after 15 
years of wastewater irrigation (Jayaraman et al., 1983; Minhas and Samra, 2004). 
The soil organic carbon level in freshwater-irrigated soil was 1.42 per cent, which 
increased to 2.56 per cent (Figure 6.2). As depicted by the organic carbon status NON-PATHOGENIC TRADE-OFFS OF WASTEWATER IRRIGATION  109
of soil irrigated with wastewater for 25 years, this trend continued as the organic 
carbon percentage increased to 4.63 per cent, indicating a 226 per cent increase 
over the freshwater-irrigated soil and an 81 per cent increase over the soil irrigated 
with wastewater for 15 years.
Although soils of arid and semi-arid regions have low levels of organic carbon 
(Lal, 2001), this soil carbon pool is not only important for the soil to perform 
its productivity and environmental functions, but also plays a vital role in the 
global carbon cycle (Lal, 2004). In addition to providing essential nutrients and 
Table 6.4  Effects of 15 and 25 years of wastewater irrigation on selected soil 
physical properties




Aggregate stability (%) 72.4 84.4 (17)a 83.5 (15)
Water-holding capacity (%) 33.2 49.7 (50) 59.8 (79)
Hydraulic conductivity (cm h–1) 19.1 23.6 (24) 26.6 (39)
Total porosity (%) 36.2 49.7 (37) 59.8 (65)
aFigures in parenthesis in the last two columns indicate percentage increase in the selected parameters in wastewater-
irrigated soil over the soil irrigated with freshwater. 
Source: Modiﬁed from Jayaraman et al. (1983); Minhas and Samra (2004)
Figure 6.2  Organic carbon dynamics in soil as affected by freshwater irrigation and 
wastewater (WW) irrigation for 15 and 25 years in India 
Source: Based on the data from Jayaraman et al. (1983)
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improving soil physical properties, wastewater irrigation contributes to mitigating 
the accelerated greenhouse effects by increasing soil organic carbon, which is a 
crucial soil quality parameter.
SOLUBLE SALTS AND CALCIUM
The high dissolved solids concentrations of most wastewater may in general have 
negative consequences for its use in irrigation as indicated in Table 6.1. However, 
for some sodic and saline-sodic soils with low permeability (low inﬁltration rate and 
low hydraulic conductivity), the presence of inorganic electrolytes in wastewater, 
particularly resulting from Ca salts, improves hydraulic properties. These soils are 
characterized by the occurrence of excess sodium (Na+) at levels that can adversely 
affect soil structure. Structural problems in these soils created by certain physical 
processes (slaking, swelling and dispersion of clay minerals) and speciﬁc conditions 
(surface crusting and hard-setting) may affect water and air movement, run-off 
and erosion, sowing operations, seedling emergence, root penetration and crop 
development (Qadir and Schubert, 2002). Therefore, high-electrolyte wastewater 
containing an adequate proportion of divalent cations such as Ca2+ can be used 
for sodic and saline-sodic soil amelioration without the need to apply a calcium-
supplying amendment (see Chapter 11).
NEGATIVE TRADE-OFFS
Excessive levels of nutrients
Maintaining adequate levels of nutrients in wastewater is a challenging task because 
of the possible negative impacts of their excessive addition to the wastewater-
irrigated soils. In the case of macronutrients such as N and P, there are three possible 
impact pathways: 
•  Excess N applied through wastewater may lead to excessive vegetative growth 
(green biomass), delay in maturity, lodging and low economic yield.
•  Excess N and P in wastewater can cause eutrophication of natural water bodies 
and in irrigation systems, undesirable growth of algae, periphyton attached 
algae and weeds.
•  Leaching of N can cause groundwater pollution and methaemoglobinemia 
(decreased ability of blood to carry vital oxygen around the body, generally 
in infants) in case of drinking N-rich groundwater (particularly high levels of 
nitrates, NO3). 
Nitrates are highly soluble and can easily be moved through wastewater-irrigated 
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contaminants in soil is that they do not reach water bodies into which wastewater 
would otherwise be disposed.
Nevertheless, the impact of wastewater discharge on receiving waters poses a 
signiﬁcant challenge. Particularly in arid and semi-arid regions, irrigation withdrawal 
of wastewater-dominated river ﬂows and the return ﬂow of drainage result in two 
biophysical processes that have been observed in different contexts worldwide. 
First, high nutrient concentrations tend to be ameliorated through land application 
of wastewater and the retention of both P and N in agricultural produce. Fodder 
grass is especially well suited to wastewater irrigation (with relatively continuous 
year-round ﬂow) and acts to retain N and P applied in wastewater. Figure 6.3 
presents illustrative results of total phosphorous (TP) concentration in river ﬂow 
in Mexico with the distance downstream of the wastewater discharge point (Scott 
et al., 2000).
Figure 6.3  Total phosphorous (TP) with distance downstream of discharge point,  
Rio Guanajuato, Mexico, 1998



















Figure 6.4  Electrical conductivity (EC) with distance downstream of discharge 
point, Rio Guanajuato, Mexico, 1998
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The second process is salt concentration in receiving waters both as a result of 
high total dissolved solids (TDS) in wastewater and due to the high irrigation 
applications of wastewater, whether for leaching requirements or available supplies. 
Successive reuse of wastewater along the river course builds up TDS, while the 
biochemical oxygen demand (BOD) and nutrient levels decrease, as shown in 
Figures 6.4 and 6.5 for wastewater-dominated rivers in two separate locations in 
Mexico. Similar results have been reported for Hyderabad, India, by McCartney 
et al. (2008).
EXCESSIVE LEVELS OF SALTS AND SODIUM
As noted above, wastewater is more saline than freshwater because salts are added 
to it from different sources (Qadir and Minhas, 2008). There are no economically 
viable means to remove the salts once they enter wastewater because the techniques 
are prohibitively expensive, such as cation exchange resins or reverse osmosis 
membranes, which are only used to produce high-quality recycled water (Toze, 
2006a). Saline wastewater contains excess levels of soluble salts while sodic water 
is characterized by excess levels of Na+. In many cases, both salts and Na+ are 
present in excess concentrations, resulting in saline-sodic wastewater (Qadir et 
al., 2007).
Salts and other inorganic contaminants in wastewater originate from two broad 
categories of industries. The ﬁrst category includes those industries that generate 
wastes with high salt concentrations. Examples are rayon plants and the chemical 
manufacturing industry (caustic soda, soap and detergents), among others. The 
second category consists of industries that generate varying levels of toxic wastes; 
for example, pesticides, fertilizers, pharmaceuticals and chromium-rich waste 
(Minhas and Samra, 2004). The amount and type of salts used in an industry and 
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the relevant treatment affect its wastewater quality. In addition, the implications 
are complex when industrial or commercial brine waste streams are not discharged 
into separate waste sewers, but into main urban sewers that convey wastewater to 
the treatment plants or to disposal channels leading to farmers’ ﬁelds. There are no 
restrictions on salt concentrations in industrial wastewater to be discharged into 
urban sewers (Lazarova and Bahri, 2005). Therefore, salinity and sodicity levels in 
mixed domestic-industrial wastewater largely depend on salt concentrations and 
the relative volume of industrial wastewater to domestic wastewater.
Salinity and sodicity related characteristics in wastewater generated in different 
areas of the Indian subcontinent are given in Table 6.5. Salinity (EC) levels ranged 
from 1.9 to 4.0 dS m−1 while sodicity (SAR) levels were between 3.2 and 20.8. In 
terms of salt accumulation in irrigated soils in Faisalabad, Pakistan, Simmons et 
al. (2009) found salinity (EC) and sodicity (SAR) levels in wastewater-irrigated 
soils to be 51 per cent and 63 per cent higher than freshwater-irrigated ﬁelds. In 
addition, soil alkalinity increased marginally under wastewater irrigation (pH 8.92) 
compared to canal-water irrigation (pH 8.75).
Excess salts added via wastewater irrigation result in negative effects on 
crops, soils and groundwater. Plant growth is affected by the osmotic and ion-
speciﬁc effects, and by ionic imbalance. Osmotic effects depress the external water 
potential, making water less available to the plants. Excess levels of certain ions, 
such as Na+ and chloride (Cl−), cause ion-speciﬁc effects leading to toxicity or 
deﬁciency of certain nutrients in plants (Grattan and Grieve, 1999). In the case 
of sodic wastewater irrigation, the excess levels of Na+ and bicarbonate (HCO3
–) 
result in the gradual development of sodicity problem in soils, thereby exhibiting 
structural problems created by certain physical processes (Qadir and Minhas, 
2008). Irrigation with saline and/or sodic wastewater may impact groundwater 
quality. In well-drained soils, there is the possibility of movement of salts and other 
contaminants through the soil proﬁle into unconﬁned aquifers (Bond, 1998). The 
quality of wastewater, soil characteristics and the initial quality of the receiving 
groundwater are the important factors that determine the extent to which salts in 
wastewater impact groundwater quality.
Table 6.5  Average salinity and sodicity related characteristics in wastewater 
generated in the Indian subcontinent
Location EC (dS m−1)a SAR RSC (mmolc l−1) Reference
Faisalabad  3.1 16.0 4.2 Qadir and Minhas (2008)
Karnailwala 2.3 12.6 2.3 Hussain (2000)
Judgewala 4.0 20.8 6.2 Hussain (2000)
Marzipura 3.0 16.7 5.2 Hussain (2000)
Haryana 1.9   3.2 4.5 Qadir and Minhas (2008)
aAs a salinity parameter, EC refers to electrical conductivity; sodicity parameters consist of Sodium Adsorption Ratio (SAR) 
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METAL AND METALLOIDS 
Some metals and metalloids are essentially required for adequate plant growth, 
but are toxic at elevated concentrations; for example, copper (Cu), molybdenum 
(Mo), nickel (Ni), selenium (Se) and zinc (Zn). Most of the industries in developing 
countries discharge untreated efﬂuent containing variable concentrations of metals 
and metalloids. Since there is no separation of industrial and domestic wastewater, 
the wastewater channels carry a blend of industrial and domestic wastewater. The 
exact metals discharged and their concentrations vary with the type of industry. 
Several studies in Pakistan reveal that industrial efﬂuents discharged in major 
cities of Pakistan have had higher concentrations of chromium (Cr), lead (Pb) 
and cadmium (Cd) than their permissible limits in irrigation water (Hussain, 
2000; Khan et al., 2007; Murtaza et al., 2008). The United Nations Industrial 
Development Organization (UNIDO, 2000) reported that the textile, tanning, 
paint and cement industries in Karachi (Pakistan) discharge raw efﬂuent with lead 
(Pb) concentrations above the threshold limit at the industry outlet. Also in Africa, 
where larger industries are most often only along the coast, streams polluted with 
chromium were found close to tanneries (Binns et al., 2003). Threshold levels of 
metals and metalloids are given in Table 6.6. For threshold levels in soils see Chang 
et al. (2002). 
Several studies have been carried out to evaluate the implications of wastewater 
irrigation on the concentrations of metals and metalloids in soils and crops (Bahri, 
2009; Hamilton et al., 2007; Lazarova and Bahri, 2005; Minhas and Samra, 2004; 
Qadir et al., 2000; Simmons et al., 2009). In a comprehensive sampling programme 
undertaken in two peri-urban areas of Faisalabad, Pakistan, Simmons et al. (2009) 
quantiﬁed the impacts of long-term untreated wastewater irrigation on soil quality 
and the yield and quality of grain and straw of three wheat varieties. Wheat straw is 
used as a fodder in the area. In terms of heavy metal contamination and potential 
risks through the fodder–milk–human food chain, they did not ﬁnd signiﬁcant 
differences in aqua regia-digested soil’s Cd and Zn concentrations between 
freshwater- and wastewater-irrigated plots. The metal ion concentrations in soils 
remained below the European Commission Maximum Permissible Levels for Cd, 
Pb, and Zn in sludge-amended soils. In all wheat varieties subject to wastewater 
irrigation, Cd and Pb concentrations remained below the European Commission 
Maximum Permissible Levels for these metals in feed materials (Table 6.7).
Based on a survey study carried out along the Musi River in India, Minhas and 
Samra (2004) detected transfer of metal ions from wastewater to cows’ milk via 
grass grown on wastewater-irrigated soil and fed to the animals. The proportion 
of samples showing excessive amounts of pollutants in grass ranged from 4 per 
cent for Cd to 100 per cent for Pb. Milk samples were highly contaminated 
with both metal ions ranging from 1.2 to 40 times higher than the permissible 
limits. Qadir et al. (2000) found that in the case of irrigation with untreated 
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Table 6.6  Recommended maximum concentrations (RMC)a of selected metals and 




Aluminium 5.00 Can cause non-productivity in acid soils (pH < 5.5), but more 
alkaline soils at pH > 7.0 will precipitate the ion and eliminate any 
toxicity.
Arsenic 0.10 Toxicity to plants varies widely, ranging from 12mg per litre for 
Sudan grass to less than 0.05mg per litre for rice.
Beryllium 0.10 Toxicity to plants varies widely, ranging from 5mg per litre for kale to 
0.5mg per litre for bush beans.
Cadmium 0.01 Toxic at concentrations as low as 0.1mg per litre in nutrient solution 
for beans, beets and turnips. Conservative limits recommended.
Chromium 0.10 Not generally recognized as an essential plant growth element. 
Conservative limits recommended.
Cobalt 0.05 Toxic to tomato plants at 0.1mg per litre in nutrient solution. It tends 
to be inactivated by neutral and alkaline soils.
Copper 0.20 Toxic to a number of plants at 0.1 to 1.0mg per litre in nutrient 
solution.
Iron 5.00 Non-toxic to plants in aerated soils, but can contribute to soil 
acidiﬁcation and loss of availability of phosphorus and molybdenum.
Lithium 2.50 Tolerated by most crops up to 5mg per litre. Mobile in soil. Toxic to 
citrus at low concentrations with recommended limit of < 0.075mg 
per litre.
Manganese 0.20 Toxic to a number of crops at a few-tenths to a few mg per litre in 
acidic soils.
Molybdenum 0.01 Non-toxic to plants at normal concentrations in soil and water. 
Can be toxic to livestock if forage is grown in soils with high 
concentrations of available molybdenum.
Nickel 0.20 Toxic to a number of plants at 0.5 to 1.0mg per litre; reduced toxicity 
at neutral or alkaline pH.
Lead 5.00 Can inhibit plant cell growth at very high concentrations.
Selenium 0.02 Toxic to plants at low concentrations and toxic to livestock if forage 
is grown in soils with relatively high levels of selenium.
Zinc 2.00 Toxic to many plants at widely varying concentrations; reduced 
toxicity at pH ≥ 6.0 and in ﬁne textured or organic soils.
aThe maximum concentration is based on a water application rate which is consistent with good irrigation practices 
(10,000 m3 ha–1 yr–1). If the water application rate greatly exceeds this, the maximum concentrations should be adjusted 
downward accordingly. No adjustment should be made for application rates less than 10,000 m3 ha–1 yr–1. The values 
given are for water used on a long-term basis at one site.
Source: Ayers and Westcot (1985); Pescod (1992)
amounts than non-leafy species. Sharma et al. (2007) concluded that wastewater 
irrigation increased contamination of edible parts of vegetables with Cd, Pb and 
Ni, resulting in potential health risks in the long term. Similar ﬁndings have been 
documented from a study conducted in Harare, Zimbabwe where farmers used 
wastewater for irrigating leafy vegetables (Mapanda et al., 2005). Generally, metal 
ion concentrations in plant tissue increase with concentrations in irrigation water. 
Concentrations in the roots are usually higher than in the leaves.116  RISKS AND RISK ASSESSMENT
While reviewing the use of reclaimed water in the Australian horticultural 
production industry, Hamilton et al. (2005) classiﬁed potentially phytotoxic 
metals in wastewater (reclaimed water) into four groups based on their retention 
in soil, translocation in plants, phytotoxicity and potential risk to the food chain. 
They classiﬁed Cd, Co, Mo and Se in Group 4, posing the greatest risk to human 
and animal health even though they may appear in wastewater-irrigated crops at 
concentrations that are not generally phytotoxic. This is supported by the WHO, 
which lists boron and cadmium to be of particular concern because of their high 
level of toxicity and bioaccumulation in crops (WHO, 2006a).
Uncontrolled metal and metalloid inputs to soils via wastewater irrigation are 
undesirable because, once accumulated, it is extremely difﬁcult to remove them. 
This situation may subsequently lead to toxicity to plants grown on contaminated 
soils; absorption by crops, resulting in metal and metalloid levels in plant tissues 
which may be harmful to the health of humans or animals consuming the crops; 
and transport from soils to groundwater or surface water, thereby rendering the 
water hazardous for other uses (Murtaza et al., 2009).
The potential hazard of metals and metalloids can be determined by estimating 
their cumulative total loading in the soils. Table 6.8 provides information on the 
length of time for wastewater-irrigated soils (cation exchange capacity, CEC 5–15 
cmolc kg–1) to reach loading limits of some metals and metalloids. The data used 
represent calcareous, alluvial soils from three locations in Pakistan: Faisalabad, 
Peshawar and Haroonabad. The time required for Cd to reach its loading limit 
varied between 13 years for the heavily industrialized city of Faisalabad to 67 years 
for the less industrialized, small city of Haroonabad. The estimates of metal and 
metalloid loading suggest that their accumulation is a slow process even in cases 
of untreated wastewater irrigation. However, it would be extremely difﬁcult to 
Table 6.7  Differences in average metal ion (Zn, Cd and Pb) concentrations in 
straw of three wheat varieties and aqua regia-digested concentrations in soil samples 
under canal-water and wastewater-irrigated areas
Irrigation Metal ion concentration in  
wheat straw (mg kg–1)
Metal ion concentration in  
soil (mg kg–1)

























MPLb –c < 1.0 < 10.0 < 300 < 3.0 < 300
aValues in parentheses indicate ± standard deviation. 
bMaximum permissible levels (MPL) based on the European Commission Directive 2002/32/EC for Pb and Cd in feed 
materials and Directive 2002/32/EC for sludge-amended soils.
cNot available.
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Table 6.8  Estimated length of time for wastewater-irrigated agricultural soils to 
reach metal limits in three locations in Pakistana
Location Metal Concentration  
(mg L–1)
Annual input  
(kg ha–1)b




Faisalabad Cd 0.05   0.75 10     13
Peshawar Cd 0.04   0.60 10     17
Haroonabad Cd 0.01   0.15 10     67
Faisalabad Cu 0.17   2.54 250     99
Peshawar Cu 0.26   3.88 250     65
Haroonabad Cu 0.35   5.22 250     48
Faisalabad Ni 0.38   5.67 250     44
Peshawar Ni 1.25 18.64 250     13
Haroonabad Ni 0.14   2.09 250   120
Faisalabad Pb 0.21   3.13 1000   319
Peshawar Pb 0.70 10.44 1000     96
Haroonabad Pb 0.04   0.60 1000 1676
aCalcareous, alluvial soils. 
bBased on wastewater irrigation application at 1.5m depth per year (15,000m3 ha–1).
cConsidering cation exchange capacity (CEC) of the soils: 5-15 cmolc kg–1.
ameliorate soils once they reach the loading limits of certain metals and metalloids. 
The amounts of metals removed by crops are small (<10 per cent of the added 
metal) compared with the amounts applied to the soils (Page and Chang, 1985).
EMERGING CONTAMINANTS OF CONCERN
With changes in lifestyle and increase in living standards, more and more 
contaminants are being added to wastewater, including endocrine disruptor 
compounds, hormones, residual pharmaceuticals and active residues of personal 
care products (PCPs), among others. Endocrine disruptors (sometimes also referred 
to as hormonally active agents) include the estradiol compounds commonly found 
in the contraceptive pill, phytoestrogens, pesticides and industrial chemicals 
such as phenols (Table 6.9). They are exogenous substances that can act like 
hormones in the human endocrine system and disrupt the functions of endogenous 
hormones. These substances tend to be present at very low concentrations even 
in treated wastewater and may have adverse physiological effects in animals 
and humans. At least 45 chemicals have been identiﬁed as potential endocrine 
disrupting contaminants, including industrial contaminants such as dioxins and 
polychlorinated biphenyls (PCBs), insecticides like dichlorodiphenyltrichloro-
ethane (DDT) and carbaryl, and herbicides (2,4-D and atrazine). 
In addition to containing endocrine disruptor compounds, wastewater may 
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endogenous production of hormones (phytohormones) in legume crops such as 
alfalfa. Ingestion of the forage crop by sheep and cattle might cause infertility 
problems in the animals (Shore et al., 1995). For many substances, such as steroid 
oestrogens, biodegradation and sorption are the main fate processes. However, there 
remains a paucity of information on the persistence of many of these substances 
in soil (Young et al., 2004). 
A related group of concern is residual pharmaceuticals (e.g. analgesics, caffeine, 
cholesterol-reducing drugs and antibiotics). Some tend to survive even advanced 
wastewater treatment. There are concerns that soils irrigated with wastewater 
containing such contaminants may not retain them, resulting in their percolation 
through the soil to the groundwater. Although many residual pharmaceuticals 
may not be toxic, they can have health implications through their effects on the 
immune and hormonal systems of animals and humans.
The levels of active residues of PCPs are also increasing in wastewater. 
Percolation of PCPs through wastewater-irrigated soils has implications for 
groundwater quality deterioration with possible subsequent effects on human 
health. There may also be some unspeciﬁed toxic effects in the form of antibiotic-
resistant bacteria development by repeated exposure of the pathogens to antibiotic 
levels in wastewater and contaminated streams (Bouwer, 2005). 
While the presence of these chemicals in the environment and the potential 
ecological consequences are generally alarming, the concentrations found in 
surface-water bodies and other environmental compartments so far are very low. 
Possible health effects have been related mainly to aquatic life (Young et al., 2004) 
but not positively in humans, although there are many indications of possible 
adverse effects (Bouwer, 2005; Colborn et al., 1993). There is, however, still little 
Table 6.9  Maximum tolerable concentrations of selected pesticides, emerging 





Aldrin 0.48 Methoxychlor 4.27
Benzene 0.14 PAHs (as benzo[a]pyrene) 16.0
Chlordane 3.00 PCBs 0.89
Chloroform 0.47 Pentacholorophenol 14.0
2,4-D 0.25 Pyrene 41.0
DDT 1.54 Styrene 0.68
Dicholorobenzene 15.0 2,4,5-T 3.82
Dieldrin 0.17 Tetrachloroethane 1.25
Dioxins 0.00012 Tetrachloroethylene 0.54
Heptachlor 0.18 Toluene 12.0
Hexacholorobenzene 1.40 Toxaphene 0.0013
Lindane 12.0 Trichloroethane 0.68
Source: Based on Human Health Protection (Chang et al., 2002; WHO, 2006a)NON-PATHOGENIC TRADE-OFFS OF WASTEWATER IRRIGATION  119
data concerning the occurrence and fate of organic micro-pollutants: during and 
after irrigation; in view of crop uptake; and possible human health impacts through 
the food-crop chain. 
Many of the chemicals might face rapid microbial degradation or adsorption 
by the soil organic matter and are unlikely to enter the plant tissue through the root 
(Chang et al., 2002). But even if this might happen, the comparison of common 
concentration in raw wastewater with other sources of these chemicals so far 
points to very low risk for human health (Toze, 2006b). More studies are needed; 
especially in view of quantitative simulation models for risk assessment. 
RISK ASSESSMENT
Chemicals can affect the health of soils, crops and humans. For some heavy metals 
the ‘soil–plant barrier’ protects the food chain from these elements, in other cases 
bioaccumulation occurs (see Chapter 11). Acceptable levels of chemical parameters 
therefore depend on their behaviour, the proposed reuse applications of the water 
(e.g. food vs. fodder vs. fuel production) and site-speciﬁc factors, such as the degree 
of dilution with water from other sources. 
To develop numerical limits of pollutant loading rates in the land application 
of wastes in general, essentially the same informational elements are needed (Chang 
et al., 2002):
•  Hazard identiﬁcation – the toxic chemicals to be considered are identiﬁed.
•  Dose-response evaluation and risk characterization – the maximum permissible 
exposure level in the exposed subjects is determined for each chemical, based 
on the dose-response characteristics associated with a predetermined acceptable 
risk level.
•  Exposure analysis – realistic exposure scenarios depicting the routes of pollutant 
transport are formulated to identify the subjects of exposures. 
Analysing wastewater quality as a risk indicator is appropriate where dose-response 
relationships between water quality, soil quality, plant growth and human health 
have been well established. This is, for example, the case for salinity indicators and 
most macro- and micronutrients as they are affecting soil and crop health, but 
remains an increasingly difﬁcult challenge where human health is concerned. 
In this case, dose-response relationships may be derived from data obtained 
in epidemiological investigations, extrapolations from animal studies, or toxicity 
assays on mammalian or bacterial cells. Epidemiological data can provide the most 
realistic cause–effect relationships, but are only available for a very limited number 
of chemicals. Another challenge, especially in developing countries, is the required 
investment in analytical laboratory capacity. The long latency period of disorders 
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the data by hindering the determination of the effects (Weber et al., 2006). Risk-
assessment models are required (see Box 6.1). 
Once established, dose-response relationships will allow proposition of an 
acceptable daily intake (ADI) for each speciﬁc chemical. To derive the numerical 
limits for pollutant input in land application, the process quantitatively backtracks 
the pollutant transport through the food chain (and/or other exposure routes) to 
arrive at an acceptable pollutant concentration for the receiving soil to determine 
the ‘predicted no-effect concentration’. In order to demonstrate an acceptable 
risk to health or the environment, its value should be larger than the analysed or 
‘predicted environmental concentration’ (Weber et al., 2006). 
Among nutrients and heavy metals, excess or deﬁciency in crops does not 
only depend on absolute individual concentrations but on the balance of the 
elements, on the kind of organic matter available which might bind them and on 
the soil conditions (like acidity and the redox status) which can determine their 
solubility and uptake by roots. In these cases, wastewater analysis can only give a 
ﬁrst indication; soil analysis might be more appropriate. This also applies to organic 
contaminates which are in the soil and subject to a range of biotic and abiotic 
processes. An often neglected option for metals and metalloids is the analysis of the 
crops on the respective farms especially when transmission through the food chain 
is of interest. Plant analysis usually provides a much more accurate assessment of 
possible uptake than soil or water analysis. However, it also reﬂects uptake from 
all locally available sources of nutrients or contaminants in the soil, which might 
be irrigation water, chemical farm inputs or, particularly in urban farming, also 
trafﬁc exhaust (Bakare et al., 2004). Such a situation would require a comparative 
analysis before conclusions about a particular source can be drawn.
BOX 6.1 QUANTITATIVE CHEMICAL RISK ASSESSMENT
Quantitative chemical risk assessment (QCRA) is a tool increasingly used in risk-
management decision-making, following the success of its microbiological equivalent 
(QMRA, see Chapters 3, 4, and 5). In QCRA, available data and information regarding 
toxicity is combined with estimates of exposure to calculate the likelihood and severity of 
human health effects. In some circumstances, limitations in evaluating chemical toxicity 
and exposure potential introduce signiﬁcant uncertainties into such a risk assessment. 
Like in QMRA, probabilistic approaches, such as Monte Carlo techniques, can be used 
to quantify the uncertainty in the human health risk-assessment process (Washburn 
et al., 1998). Based on the assumption that food-chain transfer is the primary route 
of exposure to potentially hazardous pollutants in wastewater and sewage sludge, 
numerical limits deﬁning the maximum permissible pollutant concentrations in soils were 
presented for a set of organic and inorganic pollutants by Chang et al. (2002), while 
Weber et al. (2006) showed a modelling example of how to predict environmental (no-
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In all cases, sampling and analysis will have to consider spatial and temporal 
variations in water quality and accumulation of contaminants in the soil or plants 
over time. This requires ideally long-term monitoring or a set-up which allows 
comparing sites with different exposures.
While the assessment of soil and water salinity can be carried out in the ﬁeld 
with an electrode, the analysis of nutrients usually requires laboratory equipment. 
Depending on the concentration of the elements in the sample in general the 
equipment gets more complex and expensive moving from macronutrients 
to micronutrients or heavy metals. Although many research institutions and 
universities in developing countries will have laboratories to analyse most of the 
macro- and some micronutrients, external support is often required in view of 
heavy metals or organic contaminants. A low-cost alternative is to predict the risk 
based on environmental factors and application practices using, for example, the 
Pesticide Impact Rating Index (PIRI), a free software package developed by CSIRO 
in Australia (www.clw.csiro.au/research/biogeochemistry/organics/projects/piri.
html).
When the concentrations of constituents such as heavy metals or organic 
contaminants are known in the plant tissue, or in food in general, which is 
eventually consumed by a particular consumer group, it is possible to calculate 
human exposure (intake). The exposure of the consumer is then compared to 
the ‘acceptable daily intake’ (ADI, see above), for example, where the intake of 
a component such as pesticides might be unavoidable, or to the ‘tolerable daily 
intake’ (TDI), such as for heavy metals. The exposure can be obtained using the 
basic equation: Exposure (mg/kg body weight/day) = Consumption (mg/kg body 
weight/day) × Residue (mg/kg). As TDIs are regarded as representing a tolerable 
intake for a lifetime, they are not so precise that they cannot be exceeded for short 
periods of time. Short-term exposure to levels exceeding the TDI is not a cause 
for concern, provided the individual’s intake averaged over longer periods of time 
does not appreciably exceed the level set (WHO, 2006b).
Detailed information on sampling and analysis of common contaminants 
can be found in standard text books for soil, water and plant analysis, or the 
WHO website of the Water, Sanitation, Hygiene and Health Unit at www.who.
int/water_sanitation_health/en.
CONCLUSIONS
While from the microbiological perspective wastewater is perceived more as a 
biophysical hazard, its chemical content presents a more complex situation with 
both positive and negative impacts on soils, crops and water bodies, which are 
important considerations not only for the farmer but also for managing wastewater 
treatment and discharge.122  RISKS AND RISK ASSESSMENT
The concentrations of nutrients vary widely in wastewater. Although reliable 
availability for irrigation and nutrient-supplying capacity are considered to be major 
drivers for untreated wastewater use in agriculture, maintaining adequate levels 
of nutrients in wastewater is a challenging task because of the possible negative 
impacts of their excessive addition to soils. In terms of salt content, there are no 
economically viable means to remove the salts once they enter wastewater because 
the techniques are prohibitively expensive, and are only used to produce high-
quality recycled water. However, wastewater containing an adequate proportion of 
divalent cations such as calcium can be used as an amendment for calcium-deﬁcient 
soils such as sodic and saline-sodic soils.
Some metals and metalloids supplied through wastewater irrigation are 
essentially required for adequate plant growth, but are toxic at elevated concentra-
tions. Most of the industries in developing countries discharge untreated efﬂuent 
containing variable concentrations of metals and metalloids. Since there is often 
no separation of industrial and domestic wastewater, the wastewater channels can 
carry a blend of industrial and domestic wastewater. Depending on the level of 
industrialization and type of industries, the exact metals and metalloids discharged 
and their concentrations vary widely. In many developing countries, impacts 
might remain localized but the situation requires careful monitoring, especially in 
transitional economies.
However, the quality of chemical risk assessments varies considerably between 
different hazards. While the effects of excess nutrient or heavy metal levels on soil 
productivity or crop health have been studied for some time, there is only limited 
information on other factors such as the fate and impact of organic contaminants 
in irrigation water with regard to human health. There is a significant need 
for computer-based models similar to those developed for microbiological risk 
assessments (see Chapter 5). 
Like the supply of nutrients through wastewater irrigation, the presence of 
organic matter in wastewater may have positive or negative implications depending 
on the nature of the organic materials added through wastewater irrigation. In 
terms of positive effects, organic matter added through wastewater improves 
soil structure, acts as a storehouse of essential nutrients for crop growth and 
enhances charge characteristics of irrigated soils. In addition, the organic carbon 
status of wastewater-irrigated soils increases irrespective of soil and agro-climatic 
conditions.
The search for win–win solutions would entail preserving the positive outcomes 
of wastewater irrigation while monitoring, assessing and, if required, minimizing 
possible negative effects (see Chapter 11). However, this often requires management 
interventions beyond the farm level. In other words, the agricultural and sanitation 
sector will have to work together.NON-PATHOGENIC TRADE-OFFS OF WASTEWATER IRRIGATION  123
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Risk Analysis Integrating 
Livelihood and Economic Impacts 
of Wastewater Irrigation on Health
Marites M. Tiongco, Clare A. Narrod and Kelly Bidwell
ABSTRACT
This chapter provides a brief review of methods and approaches for evaluating 
the consequences of using wastewater to irrigate vegetables. The following ﬁve 
objectives are considered: (a) analysing poor producers’ and consumers’ knowledge, 
attitudes and perceptions of the risks associated with pathogen contamination/
exposure, and the economic consequences on health and livelihoods; (b) analysing 
the costs and beneﬁts of non-treatment interventions at the farm level (e.g. drip 
irrigation and cessation of irrigation prior to harvest) and post-harvest level (e.g. 
washing and disinfection of vegetables after harvesting); (c) identifying cost-
effective interventions for reducing the risk of waterborne disease associated with 
wastewater use for irrigation; (d) estimating producers’ and consumers’ willingness 
to pay for or adopt non-treatment interventions at multiple stages along the 
food chain; and (e) evaluating the long-term economic and livelihood impacts of 
adopting those non-treatment interventions that are identiﬁed as cost-effective and 
targeted at poor producers and consumers. The chapter concludes by synthesizing 
a methodological framework for the collection and analysis of data to assess the 
livelihood and economic impacts of illness caused by microbial pathogens from 
wastewater.128  RISKS AND RISK ASSESSMENT
INTRODUCTION
It is estimated that up to 20 million hectares of agricultural land in developing 
countries are being irrigated with raw or diluted wastewater (see Chapter 1 and 
Jiménez and Asano, 2004; Scott et al., 2004). Ensink et al. (2004) stated that 
the use of wastewater for irrigating agricultural crops, including high-value crops 
such as fruits and vegetables is practised in many parts of the world because of 
the scarcity of clean water resources and because wastewater is seen by small-scale 
producers as a cheap means to improve soil fertility and add essential nutrients for 
their crops. Although wastewater has a high nutrient value, it also has a food-safety 
risk due to the possibility of the transmission of pathogens (including bacteria, 
viruses, and protozoa) on fruits and vegetables posing a potential human health 
hazard. 
Direct consumption of food cultivated on land irrigated with wastewater and 
ingestion of soil resulting from improper hygiene that transfers soil from hands to 
mouth (not washing soiled hands before eating) are examples of exposure pathways 
to pathogenic micro-organisms from organic manure, fertilizers, pesticides and 
efﬂuents causing infectious diseases including typhoid fever, rotavirus infection, 
cholera and hepatitis A (IWMI, 2006; Scott et al., 2004). In addition, farmers 
and irrigation workers can acquire helminth infections and parasitic diseases due 
to direct contact with untreated wastewater and contaminated soils, especially 
if exposed for a long duration (Ensink, 2006). Despite this knowledge, it is 
often difﬁcult to get farmers, particularly poor small-scale producers, to alter 
behaviour by applying risk-reducing practices to wastewater irrigation, because 
food production using wastewater generates signiﬁcant livelihood1 opportunities 
(Buechler and Devi 2005a, 2005b; Hamilton et al., 2005; Toze, 2006). Therefore, 
effective risk reduction strategies must account for farmers’ practices and attitudes 
towards the adoption of intervention to mitigate these risks. 
The chapter evaluates methods to assess the cost-effectiveness of such 
interventions and suggests that overcoming this challenge must address four 
interrelated issues. First, small-scale producers using wastewater are often not well 
informed of the potential health risks of infection and disease both to themselves 
and to consumers of wastewater-irrigated produce. Second, small-scale producers 
primarily act on knowledge of the positive, short-term economic effects on 
livelihood security even though they may understand the negative, long-term 
health implications. Third, interventions to reduce the food-safety risk associated 
with using wastewater for irrigation in urban and peri-urban areas tend to be large-
scale and not cost-effective for the poor to implement. In the case of consumers, 
their behavioural choices may be inﬂuenced by past behaviour and experiences, and 
their perception of relative risk. For example, if consumers have been eating raw 
vegetables for years and have not become ill, they may view themselves as not being 
at risk, or that the probability of contamination is very low, and so they could be IMPACTS OF WASTEWATER IRRIGATION ON HEALTH  129
reluctant to make long-term changes in their food preparation and consumption 
practices. Finally, decision-makers do not have sufﬁcient information as to whether 
producers and consumers would be willing to pay for or adopt interventions to 
reduce health risks if cost-effective measures were available. 
To better understand the complexity of these issues and ﬁnd possible solutions 
to minimize risk of infection and illness from consuming and producing vegetables 
irrigated with wastewater, a risk analysis can be carried out. Risk analysis is an 
internationally recognized framework used for identifying and assessing disease and 
food-safety risks, for evaluating risk-management options and for assessing public-
health and food-safety challenges (see Box 7.1). It involves a risk assessment in 
terms of both biological and economic impacts, an evaluation of risk-management 
choices and a risk-communication strategy so as to identify a portfolio of cost-
effective control measures to reduce a speciﬁed risk. Although there have been a 
number of risk assessments on the use of wastewater on food crops (Asano et al., 
1992; Fattal et al., 2004; van Ginneken and Oron, 2000; Hamilton et al., 2006;   
Petterson et al., 2001; Shuval et al., 1997; Tanaka et al., 1998), to the authors’ 
knowledge there are no risk analyses that incorporate adoption of interventions 
into the framework, with the exception of the theoretical approach presented 
by Malcolm et al. (2004) and Chapters 13 and 16 of this book. Understanding 
awareness, knowledge and perceptions towards risk, as well as assessing people’s 
willingness to pay for or adopt those cost-effective risk-reducing strategies are 
important determinants in making choices as to which measure to adopt. Further, 
although risk management has a monitoring and review component, it does not 
monitor and evaluate the long-term impact of adopting a mitigation strategy on 
livelihood outcomes. As there are many poor and small-scale producers involved 
in food production in developing countries who use wastewater, there is a need 
to understand the economic impact of food-safety hazards on their livelihood 
outcomes (income, health and nutrition and gender equality) and on stakeholders’ 
willingness to adopt cost-effective risk-reducing strategies. 
In this chapter, we propose the use of a modiﬁed risk analysis framework that 
takes into account people’s willingness to pay for or adopt cost-effective ways to 
reduce health risks associated with wastewater use and to improve livelihoods. We 
explore how the risk analysis framework and the methodologies for evaluating 
the costs and beneﬁts, and cost-effectiveness of risk-reducing options, can be 
integrated with methodologies for assessing perceptions, knowledge and attitudes 
about risk, and willingness to pay for or adopt control measures. An attempt is 
made to identify appropriate methodologies for evaluating the long-term impacts 
of adopting cost-effective non-treatment interventions targeted at producers and 
consumers, speciﬁcally how these affect productivity and livelihood outcomes. 130  RISKS AND RISK ASSESSMENT
BOX 7.1 RISK ANALYSIS FRAMEWORK
Risk analysis is a useful tool for decision-making that ‘maps’ an action or event on to 
measurable endpoints. Risk analysis typically consists of three essential components 
that are integrated with each other: risk assessment, risk management and risk 
communication (see Figure 7.1). In the case of foodborne diseases, the risk assessment 
involves the evaluation of the likelihood of a foodborne hazard as well as the biological 
and economic consequences of that hazard. In other words, it helps to understand 
what can go wrong, how disease introduction or spread can happen, how likely 
microbiological risks arising from wastewater use for irrigation can be characterized 
and the consequences. Risk management involves evaluation of how best to mitigate 
the risk and to determine, using cost–beneﬁt and cost-effective analyses, the cost to 
society of the action. Risk communication involves identifying ways to interact with 
the public as stakeholders and informing them of risk-assessment ﬁndings such as 
cost-effective risk-reduction measures and decision tools to aid decision-makers. 
Additionally, it supports decision-makers in making adequately informed decisions, 
evaluating policy alternatives and establishing food-safety control measures. 
Figure 7.1  Risk analysis framework
ECONOMIC METHODS FOR EVALUATING IMPACT OF DISEASE  
AND INTERVENTIONS TO REDUCE RISK
The effects of wastewater use on health and its social and economic consequences 
for farmers, agricultural labourers and their household members, and consumers of 
wastewater-irrigated produce, have been studied in some areas but these studies lack 
the evaluation of economic consequences on livelihood outcomes such as income, 
wealth and food and nutrition security (Blumenthal et al., 2000; Ensink et al., 







  Cost–Beneﬁt &   




RISK MANAGEMENTIMPACTS OF WASTEWATER IRRIGATION ON HEALTH  131
In the case of health risks, it is necessary to take a farm to fork perspective 
for microbial risks because pathogens can enter virtually anywhere along the food 
chain. Health impacts can arise through farmers’ or others’ contact with irrigation 
water, or through direct or indirect contact of non-contaminated vegetables 
with contaminated ones, and through unhygienic handling, i.e. soiled hands 
transmitting pathogens to vegetables. In health economics, disability-adjusted life 
years (DALYs, see chapters 2 and 3) are used to facilitate the comparison of the 
economic risks and cost-effectiveness of various forms of interventions. Currently 
this approach is the best measure available for quantifying health beneﬁts in terms 
of: reduced diarrhoeal and gastrointestinal infections, and helminth and related 
intestinal nematode infections; improved irrigation water quality; and reduced 
cost of illness to consumers (costs of illness include medicines, hospitalization 
and doctor’s consultation) and reduced productivity loss (e.g. forgone earnings). 
Thus, quantifying the economic impacts of wastewater-based microbial pathogen 
exposure on health is important in order to provide decision-makers with evidence-
based information on the economic efﬁciency and technological feasibility of the 
risk reduction strategies at selected points along the food chain.
However, it is difﬁcult to quantify the magnitude of the economic impact of 
foodborne disease on human health due to exposure to excreta-related pathogens 
and consumption of pathogen-contaminated crops irrigated with wastewater. 
Factors such as multiplication of microbial pathogens as the contaminated product 
moves along the food chain and the reaction of market actors and consumers have 
to be taken into consideration. For instance, consumers may lose conﬁdence in the 
safety of the products they consume as a result of a waterborne disease outbreak, 
which further leads to market-share losses due to decline in demand for fruit and 
vegetables. Consumer responses usually depend on the existing information they 
have, their level of awareness and the changes in relative prices when making 
choices about the products they purchase or consume, particularly if there is a 
food- safety issue that would affect their well-being. Addressing the impact on 
consumer conﬁdence in food safety could be a basis for estimating costs and 
beneﬁts of reducing risk and preventing disease.
Approaches for assessing the costs and beneﬁts of interventions
There are two widespread economic approaches to valuing changes to health and 
risk: cost–beneﬁt analysis and cost-effectiveness analysis. Cost–beneﬁt analysis 
(CBA) is used to understand the efﬁciency of the intervention relative to the 
baseline (no intervention) in an objective, quantitative way so as to determine 
where an intervention should be initiated, continued, or abandoned. The costs 
of an intervention and beneﬁts of its impact are often evaluated in terms of the 
public’s willingness to pay to acquire (beneﬁts) or the willingness to pay to avoid 
them (costs); see next section on evaluating willingness to pay. Direct costs can 132  RISKS AND RISK ASSESSMENT
be estimated using any or a combination of the following approaches: economic-
engineering analysis; cost survey analysis; econometric estimations of costs; and 
simulation (Fearne et al., 2004; Havelaar et al., 2006; Valeeva et al., 2004). 
In the economic-engineering analysis approach, the costs of an intervention are 
estimated for each individual procedure needed to implement it, and then the total 
cost is the summation of individual costs. These include the costs of implementing 
and monitoring risk-mitigation measures as shown in Table 7.1. In addition to 
these structural costs are incidental costs (productivity losses) and market-revenue 
losses that are related to detection of contamination or exposure. This approach 
also allows for efﬁciency analysis via estimation of cost functions based on available 
BOX 7.2 NON-TREATMENT INTERVENTIONS 
The risk of using untreated wastewater for irrigation can be reduced through non-
treatment options or multiple combinations of these options. These include farm-level 
wastewater management and harvest and post-harvest interventions.
At the farm level, farmers can reduce health risks (such as skin infections, muscular 
pains, intestinal nematode infections and sore feet) and crop contamination by adopting 
the following farming practices: 
•  drip irrigation: uses drip kits and containers for wastewater storage;
•  improving methods of water distribution such as the use of ﬂood and furrow irrigation 
or watering cans to fetch water (primarily to reduce collection of protozoan ova);
•  avoiding soil splash when using watering cans (e.g. by lowering the height of 
application or using water hoses);
•  ceasing irrigation before harvesting (one to several days before harvest) to allow 
natural pathogen die-off;
•  avoiding stirring up sediment while fetching water with cans;
•  reducing contact with irrigation water. 
Not washing harvested crops in irrigation water can reduce pathogen contamination. At 
the post-harvest stage, which includes handling and transport, market display, storage 
and preparation in the kitchen, the following can be practised:
•  Improving vegetable-washing before serving using vinegar (broad availability but 
the most expensive option) and disinfectants such as chlorine tablets (available 
at selected vendors) and potassium permanganate (available in about every third 
pharmacy in the cities sampled by Keraita, 2008);
•  improving food safety and hygiene.
A combination of low-cost non-treatment options from farm to post-harvest comprises 
the ‘multiple-barrier approach’ (see Chapters 2 and 12) supported by the new WHO 
Guidelines where intervention measures are placed along the food chain to achieve 
aggregate effect in reducing health risks (WHO, 2006). 
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technical and economic data. The main advantage of the engineering approach 
is its transparency as it is easy to understand how the numbers were estimated 
(Fearne et al., 2004).
Beneﬁts can be derived from the value of reduction of economic costs based on 
the costs associated with implementing each intervention that would likely reduce 
the risk of illness from microbial pathogens or avoid crop-production losses, or in 
terms of savings due to reduced costs of illness or changes in the composition of 
demand (Smith et al., 2007; Bennett et al., 2004; Disney et al., 2003). Indirect 
beneﬁts result from increases in productivity or costs offset, for example, reduced 
cost of illness and lives saved due to reduced mortality. An intervention would be 
considered Pareto optimal if it improves the situation for some people, but does 
not make anybody worse off. Thus, for governments, acceptable interventions (or 
policies) are typically those for which expected beneﬁts are greater than or equal 
to expected costs. 
Once the risks from microbial pathogens due to wastewater use have been 
estimated and described, and the costs and beneﬁts of risk-reduction measures 
have been calculated, a cost-effectiveness analysis (CEA) can then be conducted 
to understand the trade-offs of the risk-reduction methods available. To do this, 








Total cost estimates 
year 1 (US$)
Drip kitsc








Current practice without 
intervention
  10 15   25
Improved use of watering cans   10 20   30
Cessation before harvestd
  For 2 days
  For 4 days












Pond use for improved 
sedimentation    17 25   42
Sand ﬁltration (two rows of 
sand bags)
  24 43   67
a Based on a typical farm of ca. 0.03ha (irrigated vegetable farming in urban areas in Ghana) 
b Cost related to the preparation of the water sources (stream, dugout) not included
c Based on the requirement of 1 kit/0.004ha i.e. about 7 kits per farm, incl. water buckets
d Losses are estimated as 5% of total harvest per day. Selling price of lettuce estimated as 1 US$/m2
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information is needed on the economic costs of chronic exposure (which also 
include infection, illness and death) to the disease, the investments and costs 
associated with the different risk-reduction options, the probability of effectiveness 
of the various risk-reduction measures and the probabilities of chronic exposure 
under different risk-reduction measures. 
Simulation can be performed using different sets of scenarios: do nothing or no 
intervention (baseline); a single intervention; or a combination of interventions. 
The difference between the baseline and a single intervention or combination 
is the gain in health (DALYs averted) or income due to the reduction in disease 
burden from the interventions. The costs of each intervention are then compared 
with the gains to identify the most cost-effective intervention (or a combination 
of interventions) at different levels of resource availability. The comparison of the 
different interventions against the most cost-effective shows areas of efﬁciency, 
while an intervention for higher resource levels shows what should be done if those 
resources are available.
To illustrate, four hypothetical options (A, B, C, D) to reduce risk are 
considered. As shown in Figure 7.2, the x-axis is the marginal cost of adding one 
of the new options compared to the baseline. The y-axis is the percentage reduction 
in risk over the baseline. Option D can be excluded as a choice since option B 
is superior to option D in the sense that B is both more effective and less costly. 
Choices of adoption strategy can be limited to non-dominated options A, B and 
C, which could result in maximum possible beneﬁts for a given cost (Glauber and 
Narrod, 2001; Malcolm et al., 2004). Option C is the optimal risk-mitigation 
measure, where the marginal beneﬁt of the risk-mitigation policy is equal to the 
marginal cost.
Results of the CEA are important inputs for risk-management decisions. They 
help weigh available options for reducing risk of illness due to wastewater use in 
terms of efﬁciency, technological feasibility and practicality at selected points along 
the food chain.
Figure 7.2  Risk reduction/cost trade-off
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Evaluating willingness to pay for an intervention 
The willingness to pay (WTP) for or adopt control strategies and willingness to 
test technologies or interventions such as those described above can be estimated 
using stated preference methods such as contingent valuation or conjoint analysis 
(Hammitt, 2000). Subsequently, the estimated WTP can be compared to the 
costs of these strategies and technologies to determine those that are the most 
economically efﬁcient. In the contingent valuation method, consumers will be 
given a hypothetical scenario involving the choice between different risk levels of 
food contamination, from no contamination as the base scenario to a high level of 
contamination (for a thorough review of the application of this method, see Birol 
et al., 2006; Buzby et al., 1995, 1998; Latouche et al., 1998). Then consumers are 
presented with a price to see if they are willing to pay that amount for a certain 
safety level and, after responding positively, they are then presented with a higher 
price for even more safety and so on. If the consumer responds ‘no’ the ﬁrst time, 
the second price is some amount and safety level lower than the ﬁrst price.
In a conjoint analysis, consumers are asked to rank a number of attributes related 
to the vegetable including attributes on food safety and price. Unlike contingent 
valuation, the conjoint method does not ask directly whether a consumer would 
be willing to pay for a vegetable with particular attributes (Halbrendt et al., 1995). 
A limitation of these direct valuation methods is incomplete information of the 
respondents or information bias, since if contamination is not visible to the naked 
eye, they are not able to observe the level of risk, or even if they are able to see it, 
the consequences of contamination such as severity and health costs are difﬁcult 
to judge (for more details of this problem on information bias and other biases, 
see Birol et al., 2006).
Finally, WTP can be modelled as a function of the severity and duration of 
illness, reduction in probability and respondent characteristics (Hammitt and 
Haninger, 2007). 
Approach for assessing economic impacts on livelihoods 
Various approaches – qualitative or quantitative analysis or a combination of 
both – can be used to assess the impact of microbial pathogen exposure from 
using wastewater for irrigation on livelihood outcomes including farm income, 
wealth (savings/insurance), food and nutrition security, and gender equality. 
Here, the best known Sustainable Livelihood Framework (SLF) documented by 
the UK Department for International Development (DFID) is used to enable 
understanding of the impact of wastewater-based microbial pathogen exposure on 
livelihood assets, transforming structures and processes, and livelihood strategies 
(DFID, 2000).2 Impacts of pathogen exposure/contamination on all of these 
components will affect various livelihoods outcomes including farm income, wealth 
(savings/insurance), food and nutrition security, and gender equality.136  RISKS AND RISK ASSESSMENT
Household livelihood outcomes in turn determine the level of future 
vulnerability of the households to various shocks and stresses, including excreta-
related diseases such as diarrhoea and helminth infections, and outbreaks of 
hepatitis A and viral enteritis. 
Qualitative methods such as focus group discussions and participatory rapid 
appraisal of the knowledge, attitudes and perceptions of health consequences of 
producing or consuming fruits and vegetables irrigated with wastewater would 
capture the dynamic changes in livelihood strategies. A participatory value-chain 
mapping can also be done to understand the basic relationships between value-
chain actors and the structure of ﬂows of products from raw material supply 
to the end consumer market, and to assess the value of losses due to microbial 
contamination (Hellin et al., 2005). This involves participatory observation, semi-
structured interviews and focus group discussions to map the ﬂow of produce 
irrigated with wastewater from farm to ﬁnal consumer, in order to identify the 
key actors along the chain and understand the role of wastewater irrigation in 
their livelihoods (income, health and nutrition). Mapping the value chain can 
also help identify high- and low-risk areas along the chain, market failures and 
coordination mechanisms, incentives that may impede or facilitate the uptake of 
the multiple-barrier approach to prevent contamination and reduce health risks 
at all stages of the chain. It can also identify regulatory and market issues that may 
hinder or enhance functions of institutions and organizations providing services 
such as input supplies, market information, credit and quality standards that the 
different actors need to help them decide whether to adopt or apply control and 
preventive measures. 
Quantitative methods such as regression analysis, covariate and propensity 
score-matching, and difference-in-difference estimators and empirical models 
for estimating differential treatment effects can be used to analyse the impact on 
livelihoods. This will involve structured household and quantitative value-chain 
surveys that will enable understanding of the full economic impacts of pathogen 
reduction measures on the poor’s livelihood asset portfolio3 and outcomes including 
income, health and nutrition. The quantity and quality of these assets and access 
to them are inﬂuenced by pathogen contamination, including trends (e.g. during 
the hungry season), shocks (e.g. diarrhoeal outbreak) and stresses (e.g. chronic 
diarrhoea). Households are viewed as being sustainable if they can cope with 
trends, shocks and seasonality without compromising their future ability to survive 
these.
Interventions to control or reduce risk of pathogen contamination/exposure 
can occur at various stages along the food chain, from production, during harvest 
and post-harvest. These may include wastewater treatment technologies and 
non-treatment options: water-quality improvements, human-exposure control, 
farm-level wastewater management, and harvest and post-harvest interventions 
(see Box 7.2 above and Qadir et al., 2008, for a detailed description of these risk-
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units of pathogen reduction and a tolerable disease burden of <10–6 DALYs per 
person per year but this treatment is very expensive to implement in developing 
countries (Carr, 2001; WHO, 2006). There are non-treatment measures such as 
drip irrigation and washing of produce that protect farmers and consumers at low 
cost and can effectively minimize crop and human exposure by up to 6 log units 
of pathogen reduction (WHO, 2006). 
Regression analysis could be used to examine impacts on livelihood outcomes 
with the measure of pathogen exposure as an explanatory variable controlling for 
various household-level factors that affect livelihood outcomes such as income 
from vegetable production and morbidity of adults and children. The measure 
of exposure can be grouped into high versus low exposure, and with and without 
disease or diarrhoeal outbreak. 
Methods for evaluating the long-term economic impacts  
of interventions 
The choice of method to evaluate the long term impact of cost-effective interventions 
on livelihoods and health is guided by the nature of the problem, the intervention 
chosen and its related goal and purpose, which in this case is reducing pathogen 
contamination/exposure resulting from wastewater irrigation. First, it is necessary 
to conduct a baseline survey to obtain good pre-intervention measures of both 
livelihood strategies and livelihood outcomes, because this will be crucial to 
obtaining good measures of intervention impacts when a package of cost-effective 
control measures is introduced. The baseline survey will collect information 
related to health, education, behaviours, preferences and water usage, and address 
questions on how illness/disease due to contact with untreated wastewater results 
in asset loss (either via price or via short-term loss of market to sell vegetable crops 
irrigated with wastewater). A baseline risk assessment is also needed to estimate 
exposures and prevalence of pathogen contamination.4 
Surveys on knowledge, attitude, perception and practices (KAPP) towards 
wastewater use for irrigation and food preparation, as well as behavioural experiments 
(choice experiments or actual ﬁeld experiments), could be employed to determine 
the farmers’ and consumers’ willingness to adopt cost-effective mitigation measures. 
Behavioural experiments are also useful in investigating what kind of institutions 
would be preferred by what type of households and how households’ preferences 
for different institutional mechanisms (e.g. incentives, subsidies) are affected by 
their livelihood outcomes (e.g. income from vegetable production, total income, 
food and nutrition security, etc.). 
Currently, assessment of the poor’s knowledge and perceptions of the risk 
of foodborne diseases associated with crops irrigated with wastewater is limited 
(Faruqui et al., 2004). There is a need for a comprehensive evaluation of WTP 
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acceptability, economic feasibility, ethical acceptability and overall effectiveness 
of potential interventions. One step towards achieving this is to determine why 
there is inadequate understanding of the risk of foodborne disease associated with 
irrigating with wastewater and ways to mitigate that risk, followed by identifying 
effective ways to enhance understanding. A proven approach to doing this is value-
chain analysis that focuses on the awareness, attitudes, perceptions, knowledge and 
practices of value-chain actors regarding wastewater use so as to understand how 
best to encourage farmers (and other actors along the value chain) to adopt risk-
reduction measures. Such an analysis provides insight into the rationale behind 
value-chain actors’ lack of understanding of the potential health risks associated 
with wastewater use for irrigation. 
A structured questionnaire as well as participatory assessment can be used to 
collect KAPP information for wastewater irrigation. Questions can be ranked and 
scored according to cost-effectiveness in preventing infection due to wastewater 
use. These scores are the weighted measure of KAPP related to reduction of risk 
of infection. For example, ﬁve points can be awarded to the most important 
mitigation measure and one point for the least important. The percentage score 
is the sum of scores divided by the sum of available points (proportional piling). 
Results from this KAPP could help in understanding why the poor’s management 
of wastewater use is inadequate. If the stakeholders were made aware of the health 
and income-loss risks, and which strategies were cost-effective to adopt, they might 
be more willing to implement such strategies. 
Given the health risks associated with wastewater use and the importance of 
targeting effective and appropriate mitigation strategies, it is important not only to 
understand what farmers or consumers say they will do or say they prefer, but to 
truly observe what they actually do or actually choose. Randomized controlled trials 
allow us to observe the greatest impact of interventions on assets and livelihood 
outcomes (incomes, health and nutritional status), in real conditions, of different 
strategies and approaches to induce behaviour-change (Dupas et al., ongoing). 
This would involve counterfactual analysis to generate distributions of livelihood 
outcomes without interventions (control group), and to compare these to the 
actual distributions (treatment group) (DiNardo et al., 1996). The intervention’s 
impact can be calculated from simple mean difference between the outcomes of the 
control and the treatment groups: Impact = Mean (Outcome of Eligible Random 
Treatment group) – Mean (Outcome of Eligible Random Control group). Data 
can also be further analysed to understand the differential impact on different 
subgroups within the sample. 
Random assignment also assures the direction of causality, i.e. offering watering 
cans or drip kits to farmers causes a reduced disease burden on lettuce leaves. In 
a case where the intervention is only offered to better-educated farmers from the 
outset it is possible that this group is likely to be different from less-educated 
farmers in a variety of ways, such as differing hygiene practices and other behaviours 
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be representative of the impact on all farmers. Additionally, if the control group 
is not identical to the treatment group, such as better-educated farmers receiving 
the programme compared to less-educated farmers serving as the control, the 
evaluation will not accurately show the programme’s effects. These farmers are likely 
to have different behaviours and perhaps different health realities independent of 
the intervention, so the programme’s affect on one group will be very different 
from the potential programme affect on the other, and the two groups will be 
experiencing different external events. The beneﬁt of assigning the treatment or 
programme randomly is that we know there are no signiﬁcant differences between 
the treatment and control groups. In choosing the treatment group, selection bias 
may be encountered. This problem of selection bias can be removed from impact 
estimates by ‘instrumenting’ adoption, that is, by ﬁnding exogenous variables that 
explain adoption but do not affect the outcomes. However, it is difﬁcult to ﬁnd 
such exogenous instruments and so instrumental variables may only identify part 
of the treatment effect.
With baseline data collected before the intervention, there should be one or 
more follow-up evaluation surveys (comparable questionnaires or interviews to 
the baseline) on the same groups after the interventions are put in place. The data 
collected would allow for the double difference method to measure the long-term 
economic impact (lower medical costs and lower productivity losses) and health 
impact (lowest pathogen levels and more than 50 per cent reduction in foodborne 
illness). As the ﬁrst difference, it compares treatment (participants/adopters of 
intervention) and control (non-participants/non-adopters of interventions) groups. 
Subsequently, before and after intervention outcomes are compared as the second 
difference. The impact of the intervention is the mean difference between the 
‘before’ and ‘after’ values of the outcome for each of the treatment and control 
groups.
CONCLUSIONS
Increasing use of wastewater for irrigating vegetable crops will continue as long 
as wastewater treatment remains limited while populations and demand for food 
increase, especially in the developing world. As veriﬁed in the other chapters of 
this volume, wastewater irrigation poses a health problem for the entire food chain, 
thus requiring a multidisciplinary approach for analysis. This chapter provided 
a discussion of various methods to evaluate the economic impacts of a disease, 
the costs and beneﬁts of interventions and the willingness to adopt or pay for 
interventions. Second, the chapter aimed to provide a methodological framework 
to enable the collection and analysis of data to measure the economic impacts of 
illness/disease caused by microbial pathogens from wastewater on household assets; 
livelihood strategies to reduce the risk of illness/ waterborne disease; diversiﬁcation 
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livelihoods activities; and the various indicators of producer livelihoods, including 
income, nutrition and food security, and gender equality. The proposed framework 
addresses some of the challenges in evaluating cost-effective interventions and 
strategies for the poor to adopt so as to reduce the risk of illness/disease associated 
with wastewater use. 
The lack of awareness and knowledge of poor producers and consumers of 
the potential impact of wastewater use for irrigation on health, as well as lack 
of information on appropriate food hygiene and sanitary practices, can all be 
addressed through KAPP analysis. In prioritizing interventions to improve health 
and livelihood outcomes, poor people’s knowledge and perception of risk, as well 
as their willingness to pay for or adopt cost-effective ways to reduce health risks 
associated with wastewater use, must be taken into consideration. Promoting 
behaviour-change requires a longer period of time, incentives and frequent 
reinforcement, especially to those most vulnerable or at risk. 
Randomized controlled trials can and should be used both to measure impact 
and to conduct product-innovation testing. Testing product or programme 
innovations, however, involves offering a programmatic innovation to a randomly 
selected pool of farmers, consumers, business owners, etc., while the control group 
has only access to the standard programme or services. Randomized controlled 
trials can be beneﬁcial in developing and improving programmes and measuring 
the impact on usage, disease burden, operational efﬁciency and marketing. 
To conclude, it would be ideal to use a combination of a before and after 
approach, and a with and without intervention approach, to capture the changes 
in the difference. The problem with this counterfactual analysis is ﬁnding a group 
‘without intervention’ not too close to the ‘with intervention’ group, so as to avoid 
spillover effects or contamination. It is also possible that the ‘without intervention’ 
group, when the baseline data are collected, will have some intervention introduced 
between the time of the baseline and endline surveys. A mid-term survey is therefore 
suggested to allow an initial check on impact and to allow analysis of changes in 
impact over time. Data collection should be designed to include baseline, follow-
up and endline surveys for the evaluation of interventions to reduce the risk of 
infection/contamination associated with wastewater use over the long term. In the 
ﬁnal instance, interventions that are implemented should be proven to protect the 
livelihoods of the poor producers, traders and consumers so that adoption of these 
interventions will become sustainable in the long run. 
NOTES
1  We take livelihoods as the set of activities, e.g. crop farming, livestock rearing and 
off-farm employment, on which (poor) households base their welfare or well-being 
(Chambers and Conway, 1992). A household’s livelihood is sustainable when it can 
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new human, crop or livestock diseases) and stresses (e.g. recurrent adverse weather 
and seasonality), and can maintain or enhance its capabilities and assets, while not 
undermining the natural resource base (Chambers and Conway, 1992; Ellis, 2000; 
Scoones, 1998).
2  The three components of the framework are: (a) livelihood assets: changes in a 
household’s asset portfolio including, for example, changes in irrigation facilities; 
changes in human capital in the form of information and education, as well as better 
health and nutrition; changes in infrastructure (e.g. good agricultural practices, 
hygienic handling practices, better storage facilities) to improve income, food security 
and health; (b) transforming structures and processes: changes in institutions, such 
as minimum standards for microbial pathogen reduction, implementation of hazard 
analysis and critical control points (HACCP) regulations at different stages of the value 
chain, capacity strengthening of laboratories and changes in markets (e.g. demand, 
prices, etc.). Attention will be given to the role of markets and institutions supporting 
markets access and reduced transaction costs to identify livelihood opportunities 
and constraints; (c) livelihood strategies: ex post strategies such as consuming rather 
than selling contaminated vegetables; ex ante mitigation strategies, such as adopting 
pathogen reduction measures in both production and consumption by, for instance, 
investing in drip or spray irrigation, washing and disinfecting of produce, etc.
3  Household assets consist of the stock of resources used to generate well-being (Jansen 
et al., 2005). Assets include human capital (e.g. number of household members, their 
gender and age, skills, knowledge (indigenous/local or formal through extension 
training), informal and formal education, good health, ability to work, household size 
and demographics); natural capital (e.g. climate, land (inherited or acquired), soil, 
water (treated or untreated), stream, borehole, soil (quality and fertility)); physical 
capital (numbers and types of livestock, production equipment and technologies, 
transportation); ﬁnancial assets (cash, transfers, credit/debit, savings); location-
speciﬁc factors such as access to infrastructure and public services; and social capital 
(social networks, social relations, membership in national or village-level producer 
associations, etc.). 
4  When conducting the risk assessment, the exposure assessment will estimate the 
baseline prevalence of waterborne illness (e.g. acute gastroenteritis, diarrhoea, hepatitis 
A, amoebiasis, dysentery, etc.) associated with exposure to microbial pathogens (such 
as rotavirus, norovirus, Legionella spp., Salmonella spp., E. coli, Giardia intestinalis, 
helminths, and many more) in wastewater on a society. 
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ABSTRACT
This chapter summarizes the main characteristics of wastewater treatment processes, 
especially those suitable for use in developing countries, from the perspective of 
their potential to produce an efﬂuent suitable for safe agricultural irrigation; it 
thus concentrates on pathogen removal and nutrient conservation. Wastewater 
treatment processes are divided into two principal categories: ‘natural’ systems 
which do not rely on the consumption of large amounts of electrical energy and 
which are therefore more suitable for use in developing countries; and conventional 
electromechanical systems which are wholly energy-dependent and which, if 
used in low income regions, require high levels of ﬁnancial investment for their 
construction and skilled manpower for their successful operation and maintenance. 
The removal of viral, bacterial, protozoan and helminthic pathogens achieved 
by the most commonly used natural and conventional treatment processes are 
detailed, and recommendations are made for process selection.150  MINIMIZING HEALTH RISKS
INTRODUCTION
In order to treat municipal wastewater so that it can be safely used for agricultural 
purposes it is important to conserve nutrients while at the same time removing 
pathogens. This imposes constraints for process selection that are very different 
from those used for organic matter (i.e. biochemical oxygen demand, BOD) 
removal which is the principal concern of wastewater treatment prior to discharge 
to surface waters. To achieve effective pathogen removal requires a very careful 
selection of treatment processes since several pathogen groups – viral, bacterial, 
protozoan and helminthic – have to be removed to varying degrees and, in 
developing countries, at the lowest possible cost. 
The information presented in this chapter, which is complementary to that 
in Chapter 9 (faecal sludge treatment), and Chapters 10 and 12 (both on post-
treatment options), is a summary of the main characteristics of wastewater treatment 
processes, especially those suitable for use in developing countries, viewed from 
the perspective of their potential to produce an efﬂuent suitable for agricultural 
irrigation, rather than to describe their design and operational principles (which 
can be found in the specialist literature and some of the references given herein). 
WASTEWATER CHARACTERISTICS
Worldwide, municipal wastewaters have a broadly similar composition with regard 
to their content of organic matter and nutrients, but not their microbiological 
characteristics. Due to the difference in health conditions of people living in 
industrialized and developing countries, the pathogen content is notably different 
(Jiménez, 2003) and therefore the appropriate treatment options are also different. 
Table 8.1 shows the pathogen contents in wastewaters from different countries, 
from which it is apparent that, in order to attain values of ≤1 helminth egg per 
litre and ≤103–104 faecal coliforms per 100ml in treated wastewater to be used 
for agricultural irrigation (as recommended in the 2006 WHO Guidelines – see 
Chapters 2 and 5), the removal efﬁciencies required are of the order of 95–99.99 
per cent for helminth eggs2 and 3–6 log units3 for faecal coliforms. 
Removal of helminth eggs, bacteria and viruses is commonly achieved by 
wastewater stabilization ponds and other ‘natural’ treatment processes. However, 
when more ‘conventional’ or energy-intensive processes (e.g. activated sludge) are 
used, disinfection methods such as chlorination, ozonation and UV radiation are 
generally required for pathogen inactivation. These disinfection methods remove 
bacteria and viruses, but not helminth eggs as these are very resistant and behave 
quite differently from bacteria and viruses during treatment. Protozoan (oo)cysts 
are only slightly less resistant than helminth eggs (details of the removal mechanisms 
of helminth eggs can be found in Jiménez, 2007, 2009). Thus, special care must be WASTEWATER TREATMENT FOR PATHOGEN REMOVAL   151
taken when selecting a process that removes helminth eggs and protozoan (oo)cysts 
from wastewater to the required degree. 
CLASSIFICATION OF TREATMENT STEPS
Conventionally there are four treatment steps to be considered: preliminary, 
primary, secondary and tertiary. 
Preliminary treatment comprises screening and grit removal for the extraction 
of coarse suspended solids, such as fats, oils and greases, sand, gravel, rocks and any 
large ﬂoating materials (e.g. plastics, wood, etc.). Pathogen or nutrient concentration 
levels are not affected. In developed countries sophisticated proprietary equipment, 
often with remote operation and control, is employed. Developing countries 
commonly rely on low-cost equipment like manually raked bar screens and 
manually cleaned grit channels.
Table 8.1  Concentrations of micro-organisms in wastewater and wastewater  
sludge in different countries
Micro-organism Country/Region Wastewater Sludge
Helminth eggs
(per litre)
Developing countries 70–3000 70–735
Brazil 166–202 75
Egypt N/A Mean: 67
Max: 735
Ghana 0–15 76
Jordan  300 N/A
Mexico 6–98
(up to 330 in poor areas)
73–177
Morocco 214–840 N/A
Pakistan  142 (Ascaris)





Germany N/A < 1
Great Britain N/A < 6
















(Entamoeba histolytica, Giardia 
lamblia and Balantidum coli)
USA 28 (Cryptosporidium)
Source: Jiménez (2005, 2007); Jiménez et al. (2004); N/A not available152  MINIMIZING HEALTH RISKS
Primary treatment is commonly primary sedimentation, although septic tanks, 
Imhoff tanks, upﬂow anaerobic sludge-blanket (UASB) reactors, and anaerobic 
ponds, including high-rate anaerobic ponds (HRAP), also serve this purpose. In 
these processes, which have a hydraulic retention time of a few hours, almost all 
the settleable solids in the wastewater sediment sink to the base of the reactor, 
from where they are regularly removed (commonly continuously or at least once a 
day for primary sedimentation tanks, every few weeks for UASBs, and every one 
to three years for septic and Imhoff tanks and anaerobic ponds). The sludge so 
produced contains viable pathogens (notably helminth eggs) and requires further 
treatment before any application to agricultural land (other than by subsurface 
soil injection).
Secondary treatment systems follow primary treatment and are most fre-
quently biological processes coupled with solid/liquid separation. Secondary 
aerobic treatment processes comprise a biological reactor followed by a secondary 
sedimentation tank to remove and concentrate the biomass produced from the 
organic compounds in the wastewater. Aerobic reactors use either suspended-
growth processes (e.g. aerated lagoons, activated sludge, oxidation ditches) or 
ﬁxed-ﬁlm processes (trickling ﬁlters, rotating biological contactors). Although 
conventional secondary treatment systems are designed primarily for the removal 
of BOD, suspended solids and often nutrients (nitrogen and phosphorus), they 
can, with optimized performance, also reduce bacterial and viral pathogens by 
approximately 90 per cent, protozoan (oo)cysts by 0–1 log unit and helminth eggs 
by around 2 log units, depending on the concentration of suspended solids.
Tertiary treatment refers to treatment processes downstream of secondary 
treatment such as: additional solids removal by ﬂocculation, coagulation and 
sedimentation; granular medium ﬁltration; and/or disinfection. When tertiary 
treatment processes are used, the overall sequence of wastewater treatment processes 
is often described as ‘advanced wastewater treatment’. Tertiary treatment, and 
in some cases even secondary (depending on the process selected), is typically 
unaffordable and often too complex to operate satisfactorily in many low-income 
countries. 
Since these wastewater treatment processes can be applied at different treatment 
steps (primary, secondary, tertiary or even in between), each treatment process will 
be analysed in this chapter as a single unit and its role at different levels of treatment 
discussed. 
DESCRIPTION OF TREATMENT PROCESSES
‘Natural’ wastewater treatment processes include waste stabilization ponds, 
wastewater storage and treatment reservoirs, septic tanks, Imhoff tanks, UASB 
reactors, high-rate anaerobic ponds and constructed wetlands, which use a low 
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activated sludge systems including oxidation ditches, biofilters and rotating 
biological contactors – all of these, except oxidation ditches and aerated lagoons, are 
preceded by primary sedimentation and all are followed by secondary sedimentation 
and, if required, by disinfection, commonly through chlorination or maturation 
ponds. Inﬁltration-percolation can be used for the further treatment of primary 
and secondary efﬂuents, and soil-aquifer treatment for tertiary-treated efﬂuents.
Waste stabilization ponds
Waste stabilization ponds (WSP) are shallow basins that use natural factors such as 
biodegradation, sunlight, temperature, sedimentation, predation and adsorption 
to treat wastewater (Mara, 2004). WSP systems usually consist of anaerobic, 
facultative and maturation ponds arranged in series. For optimal performance the 
ponds should be designed in such a way as to minimize hydraulic short-circuiting 
and care must be taken during operation to avoid irregular solids accumulation 
modifying the ﬂow pattern. In tropical environments well-designed and properly 
operated WSP systems are very efﬁcient at removing all kinds of pathogens without 
the addition of chemicals: they can reliably achieve a 2–4 log unit removal of 
viruses, a 3–6 log unit removal of bacterial pathogens, a 1–2 log unit removal of 
protozoan (oo)cysts and up to a 3 log unit (i.e. very close to 100 per cent) removal 
of helminth eggs – the precise values depend on the number of ponds in series and 
their retention times (Grimason et al., 1996; Mara, 2004; Mara and Silva, 1986; 
Oragui et al., 1987). 
Protozoan (oo)cysts and helminth eggs are removed by sedimentation and 
thus remain in the pond sludge. Viruses are removed by adsorption onto solids, 
including algae; if these solids settle, the adsorbed viruses also remain in the pond 
sludge. Bacteria are removed or inactivated by several mechanisms including 
temperature, pH values >9.4 (induced by rapid algal photosynthesis), and a 
combination of high light intensity (>450nm wavelength) and high dissolved 
oxygen concentrations (Curtis et al., 1992).
To remove helminth eggs, a minimum total retention time in a WSP series of 
5–20 days, depending on their number in the raw wastewater, is required (Mara, 
2004). To control Cryptosporidium almost 38 days are needed (Grimason et al., 
1996; Mara, 2004; Shuval et al., 1986). When a series of ponds are used, most 
of the helminth eggs are retained in the ﬁrst pond. Helminth eggs remain viable 
for several years in the pond sludge: for example, from a survey of several WSP 
in Mexico, a content of 14 viable eggs per g TS was found in sludge stored for at 
least nine years (Nelson et al., 2004).
WSP are most effective in warm climates. In colder climates they can still be 
effective but they require a longer retention time and thus an even greater land area. 
In hot, arid and semi-arid climates substantial water loss occurs due to evaporation, 
causing not only a net loss of irrigation water but also an increase in the efﬂuent 
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2002; Jiménez, 2005; Jiménez, 2007). In the centre of Mexico, farmers have 
refused to use treated wastewater due to its high salinity and in Pakistan farmers 
have avoided the use of treated wastewater in favour of untreated wastewater for 
similar reasons (Clemett and Ensink, 2006).
WSP are most commonly the lowest-cost treatment option in tropical 
environments where inexpensive land is available (Arthur, 1983). They are relatively 
easy to operate and maintain, and do not require electricity. However, the growth 
of vegetation in or near the ponds must be controlled to prevent the creation of 
vector-breeding habitats.
Wastewater storage and treatment reservoirs
Wastewater storage and treatment reservoirs (WSTR), also called efﬂuent-storage 
reservoirs, are used in several arid and semi-arid countries. They offer the advantage 
of storing and treating wastewater until it can be used during the irrigation season, 
so allowing the whole year’s wastewater to be used in the irrigation season and 
therefore increasing agricultural production by increasing the area of land irrigated. 
Procedures for designing WSTR are detailed in Juanicó and Dor (1999) and 
Mara (2004). WSTR are generally used after primary treatment, typically after an 
anaerobic pond, although they can be used to store and treat secondary efﬂuents 
(i.e. to upgrade an existing wastewater treatment plant). 
WSTR remove 2 to 4 log units of viruses, 3 to 6 log units of bacterial pathogens 
and 1 to 2 log units of protozoan (oo)cysts. If treatment reservoirs are operated as 
batch systems with retention times over 20 days the complete removal of helminth 
eggs can be achieved (Jiménez, 2007; Juanicó and Milstein, 2004). WSTR have 
much lower evaporative losses compared to those from WSP: 14 per cent vs. 25 
per cent (Mara et al., 1997).
In addition to large WSTR, small intermediate storage ponds can be utilized 
for pathogen removal prior to wastewater use in urban agriculture. Such reservoirs 
reduce helminth egg numbers by around 70 per cent, provided care is taken not 
to disturb the sediments when removing the WSTR contents for use (Drechsel 
et al., 2008). They are easy to operate and maintain, and if considered as part of 
the irrigation system, they result in a low investment cost. However, they may 
facilitate vector breeding if they are not well maintained and operated, and algal 
development may clog the irrigation distribution system (such as sprinklers and 
emitters).
Septic tanks, Imhoff tanks, UASBs and high-rate anaerobic 
ponds
These are all natural treatment systems roughly equivalent to primary treatment 
but with the potential to capture the anaerobically produced biogas which, as WASTEWATER TREATMENT FOR PATHOGEN REMOVAL   155
it comprises over 60 per cent methane, can be used for cooking and lighting at 
household level or, at larger treatment works, for electricity generation. 
Septic tanks, which date from the late 19th century, are simple wastewater 
solid/liquid separation tanks often used at household level with on-site drainﬁelds 
or soakaways to dispose of the settled efﬂuent from the tank, although they can also 
be used at small wastewater treatment works with the settled efﬂuent being treated 
further in WSP or a constructed wetland. Imhoff tanks, which were developed in 
Germany in 1906, are a modiﬁcation of septic tanks for small treatment works: 
the tank has an improved design to facilitate better solid/liquid separation. 
A more recent development, dating from the 1980s, is the UASB reactor. 
These are normally only used at wastewater treatment plants (either small or large 
– the largest in the world, in Belo Horizonte, Brazil, has a design population of 
1 million). In a UASB the wastewater enters the reactor at its base and is treated 
during its passage through a sludge bed (the sludge ‘blanket’) formed by tight 
ﬂoccules of anaerobic bacteria. The hydraulic retention time is 6–12 hours (Mara, 
2004). The treatment process is designed primarily for the removal of organic 
matter, but UASBs remove 86–98 per cent of helminth eggs, and efﬂuent egg 
numbers are highly variable. In Brazil for example, UASB efﬂuents contain three 
to ten eggs per litre, but with high numbers in the raw wastewater (up to 320 
eggs per litre) efﬂuent numbers can be as high as 45 per litre (Sperling et al., 
2002, 2003, 2004). To remove helminth eggs from UASB efﬂuents completely 
and reliably, it is recommended to treat the efﬂuent further in WSP which also 
reduce faecal coliform levels to those recommended in the 2006 WHO Guidelines. 
Investigations of efﬂuent nitrogen and phosphorus levels in UASB efﬂuents do 
not indicate signiﬁcant losses (Ali et al., 2007; van Lier et al., 2002); however, 
losses may occur due to increased pH in polishing ponds treating UASB efﬂuents 
(Cavalcanti, 2003).
UASBs are often considered a low-cost technology; however, they are more 
expensive but not more efﬁcient than conventional anaerobic ponds (Peña et al., 
2000). A lower-cost but equally efﬁcient alternative to UASBs is the high-rate 
anaerobic pond which combines the simplicity of conventional anaerobic ponds 
and the higher performance of UASBs, including the option of biogas recovery, at 
a much lower cost than the latter (Peña Varón, 2002). 
Constructed wetlands
Constructed wetlands are beds of aquatic macrophytes which grow in soil, sand 
or gravel. There are three main types: surface-ﬂow, subsurface horizontal-ﬂow and 
vertical-ﬂow systems. Although, in principle, any aquatic macrophyte can be grown 
in constructed wetlands, and high-value ornamental ﬂowers and trees have been 
grown successfully in constructed wetlands, the majority are planted with reeds 
and/or rushes (e.g. Juncus, Phragmites) (Belmont et al., 2004). 156  MINIMIZING HEALTH RISKS
Constructed wetlands are usually secondary or tertiary treatment units, in 
which case they are preceded by a septic tank, Imhoff tank, UASB, anaerobic 
pond or a conventional wastewater treatment plant. They are used to remove 
organic matter (BOD), solids and nutrients. Wetlands are generally promoted 
as a good option to control pathogens. However, although wetlands have been 
installed in several developing countries, in practice few data on the pathogen 
removals obtained are available due to the high cost and complexity of the 
analytical techniques involved. The available information mostly refers only to 
faecal coliforms. From the small amount of available data, pathogen removal is 
highly variable and depends on the climate, the type of wetland and the plants used. 
Pathogen removal is achieved via ﬁltration, adsorption on to soil or plant roots and 
predation by micro-organisms (Jiménez, 2007). Wetlands can remove 90–98 per 
cent of faecal coliforms, 67–84 per cent of MS2 coliphages and 60–100 per cent 
of protozoa (Jiménez, 2003). Further details are given in Rivera et al. (1995) and 
IWA Specialist Group (2000).
Constructed wetlands can be sources of nuisance mosquitoes, some of which 
have public-health implications (e.g. Culex quinquefasciatus, the vector in many 
parts of the developing world of Bancroftian ﬁlariasis). Reports from the eastern 
USA, southern Sweden and Australia detail this phenomenon and present possible 
environmental management solutions (Russell, 1999; Schäfer et al., 2004). Clearly, 
locating constructed wetlands (especially surface-ﬂow wetlands) at safe distances 
from human settlements is important.
Primary sedimentation
Primary treatment is achieved in tanks having a retention time of two to six hours. 
Removal occurs through sedimentation, therefore small pathogens such as bacteria 
and viruses are only removed if they are adsorbed on to or are trapped within a 
matrix of settleable solids. For helminth eggs, removal efﬁciencies of less than 30 
per cent can be expected.
Coagulation-ﬂocculation
Coagulation-ﬂocculation has been sometimes used as the main treatment process 
to produce a treated wastewater suitable for agricultural use at a reasonable cost. 
This requires low coagulant doses combined with high-molecular-weight and 
high-density-charge ﬂocculants to reduce sludge production (Jiménez, 2009). 
Two coagulation-ﬂocculation technologies fulﬁl this requirement: chemically 
enhanced primary treatment (CEPT) and advanced primary treatment (APT). 
These differ in that CEPT uses a conventional settler and APT uses a high-rate 
lamellar settler. Hydraulic retention time is four to six hours for the former but only 
half to one hour for the latter. They are both efﬁcient at removing helminth eggs WASTEWATER TREATMENT FOR PATHOGEN REMOVAL   157
while allowing part of the organic matter and nutrient (nitrogen and phosphorus) 
content to remain in the dissolved and colloidal fractions of the treated water. 
However, in both cases the efﬂuent produced still needs a disinfection step to 
inactivate bacteria and viruses; this can be achieved with chlorine or UV light 
(Jiménez, 2007). Helminth eggs and some protozoa are removed along with the 
suspended solids following the same coagulation-ﬂocculation removal principles. 
The low total suspended solids (TSS) content achieved during the process has the 
additional advantage of allowing the use of the treated efﬂuent for sprinkler or 
drip irrigation. 
Different coagulants can be used, with ferric and alum coagulants being the 
most common (Jiménez, 2003). Lime has been used at very high doses (more than 
1000mg/litre) to coagulate but also to raise the pH to inactivate 4.5 log of faecal 
coliforms using a contact time of 9–12 hours. Unfortunately, sludge production is 
high and lime easily forms deposits creating clogging problems (Gambrill, 1990; 
Jiménez and Chávez, 2002; Jiménez and Chávez Mejia, 1997). The cost of the APT 
is only one-third of the cost of a conventional activated sludge system, including 
sludge treatment and disposal (within 20km) (Jiménez and Chávez, 2002). APT 
removes 1 log of faecal coliforms, 1 log Salmonella spp., 50–80 per cent of protozoa 
cysts (Giardia, Entamoeba coli and E. histolytica) and 90–99 per cent of helminth 
ova (Jiménez et al., 2001). From a content of up to 120 eggs/litre, APT may 
consistently produce an efﬂuent with 0.5–3 eggs/litre (Chávez et al., 2004; Jiménez 
et al., 2001). With regard to nutrients, the total nitrogen removal is of the order 13 
per cent with ferric chloride, 17 per cent with alum and 12 per cent with lime; the 
main fraction removed is organic nitrogen. Phosphorus removal was 20 per cent for 
ferric chloride, 15 per cent for alum and 54 per cent for lime.
Coagulation-ﬂocculation can also be used as a tertiary treatment process. 
Chemicals (e.g. ferric chloride, ferrous chloride, aluminium sulphate, calcium 
oxide) are added to secondary efﬂuents which cause very small particles to combine 
or aggregate; these larger aggregated particles then settle out of the liquid. Increasing 
particulate matter removal also increases viral and bacterial removals as they are 
often solids-associated – for example, viruses can be reduced by 2–3 log units under 
optimal conditions (Jiménez, 2003).
Secondary biological treatment
There are several options to treat wastewater biologically at a secondary level, all 
of them aerobic. These processes efﬁciently remove organic matter and, to a lesser 
extent, nutrients. They are high cost and complex to operate. The most widely 
used process is activated sludge, but other secondary treatments include aerated 
lagoons, oxidation ditches and trickling ﬁlters. There is an extensive specialized 
literature describing these processes and detailing their design (e.g. Metcalf and 
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It is worth noting that Arthur (1983), in an economic comparison of WSP, 
aerated lagoons, oxidation ditches and trickling ﬁlters for the city of Sana’a, found 
that WSP were the least cost option up to land prices of US$50,000–150,000 
(depending on the discount rate used), above which oxidation ditches were the 
cheapest treatment option, with aerated lagoons and trickling ﬁlters always being 
much more expensive. (The costing methodology used by Arthur was very rigorous 
and it still recommended for use today.) 
Membrane bioreactors
Efﬂuents from activated sludge aeration tanks may be further treated by passage 
through membranes. These membranes have a very small pore size (20–500nm), 
so they operate in the ultraﬁltration and microﬁltration ranges. They are thus 
able to achieve essentially complete reduction (i.e. >6 log units) of all pathogens, 
including viruses. However, membranes are very complex and expensive to operate, 
and membrane fouling is a particular concern, although costs and the complexity 
of operation are decreasing as the technology improves (Stephenson et al., 2000). 
Membrane bioreactors provide an extremely efﬁcient, but correspondingly very 
expensive, combination of secondary and tertiary treatment. Often the efﬂuent 
quality is far in excess of what is required (and thus may be considered to be a 
suboptimal use of scarce resources).
Filtration
Filtration is a useful treatment step to remove protozoan (oo)cysts and helminth 
eggs from efﬂuents resulting from a primary or a secondary treatment step, whether 
this is physicochemical (Landa et al., 1997) or biological, such as activated sludge 
(Jiménez, 2007). During ﬁltration, pathogens and other particulate matter are 
removed as they pass through sand or other porous granular media. Pollutants are 
retained by sieving, adsorption, straining, interception and sedimentation. There 
are several types of ﬁltration including high-rate granular ﬁltration (>2 m3/m2h), 
slow sand ﬁltration, and single and multiple media ﬁltration. Efﬁcient slow sand 
ﬁltration requires optimal maturation of the surface microbiological layer (the 
‘schmutzdecke’), cleaning and reﬁlling without short-circuiting (WHO, 2004). 
Rapid sand ﬁltration removes approximately 1 log unit of faecal coliforms, 
pathogenic bacteria (Salmonella and Pseudomonas aeruginosa) and enteroviruses, 
50–80 per cent of protozoan cysts (Giardia, Entamoeba coli and E. histolytica) and 
90–99 per cent of helminth ova (Jiménez et al., 2001) from coagulated primary 
efﬂuent (these efﬁciencies can be improved if coagulants are added at the ﬁlter 
entrance). The speciﬁc size of the sand medium is 0.8–1.2mm, the minimum ﬁlter 
depth is 1m, ﬁltration rates are 7–10m3/m2h and the ﬁltration cycles are 20–35 
hours. Under these conditions, the efﬂuent consistently contains <0.1 helminth WASTEWATER TREATMENT FOR PATHOGEN REMOVAL   159
egg per litre (Jiménez, 2007; Landa et al., 1997). In dual media ﬁltration, used as 
a tertiary treatment and combined with a coagulation process, bacterial reduction 
can increase from approximately 1 log unit to 2–3 log units (WHO, 2004). 
Conventional disinfection
The effectiveness of disinfection depends upon several factors, including the type 
of disinfectant, its contact time with the wastewater, temperature, pH, efﬂuent 
quality and type of pathogen (WEF, 1996). Chlorine (free chlorine), ozone 
and ultraviolet radiation are the principal disinfectants used to treat wastewater, 
although chloramines may be used for advanced primary treatment efﬂuents. 
Disinfection should be optimized for each type of disinfectant. In general, bacteria 
are highly susceptible to all three disinfectants; helminth eggs and protozoan 
(oo)cysts are most resistant to chlorine and ozone; and certain viruses (e.g. 
adenoviruses) are most resistant to UV disinfection. Chlorine inactivates 1–3 log 
units of viruses, 2 log units of bacteria, 0–1.5 log units of protozoan (oo)cysts, but 
almost no helminth eggs. Similar results are found with the other disinfectants, but 
ozonation is much more efﬁcient at inactivating viruses and UV radiation results 
in better inactivation of protozoa. 
Inﬁltration-percolation
Inﬁltration-percolation consists essentially of intermittently inﬁltrating wastewater 
through 1.5 to 2.0m deep unsaturated coarse sand beds. These systems treat 
primary or secondary effluents. As the mean hydraulic load of primary and 
secondary efﬂuents cannot exceed, respectively, about 0.25 and 0.65m3 per day 
per m2 of sand-bed area, the use of inﬁltration-percolation systems is restricted 
to small works serving only a few thousand people, although they can be used to 
serve populations up to approximately 25,000 when treating secondary efﬂuents. 
Larger plants would require too much ﬁlter surface and sand volume. 
This low-energy consumption technology is proven to be an efﬁcient means 
of reclaiming primary or secondary effluents prior to reuse. Full-scale plant 
monitoring has shown that E. coli numbers are reliably reduced to <1000 per 100ml 
(Salgot et al., 1996). Helminth eggs are completely removed, as are protozoa such 
as Giardia and Cryptosporidium (Alcalde et al., 2006).
Soil-aquifer treatment
Pumping tertiary-treated wastewater into a local aquifer (but not one used as a 
source of drinking water) is one way of storing the wastewater until it is required 
for irrigation. However, this is an expensive option and it has only been occasionally 
used – for example, the Dan Region scheme in Israel, which is a very large-scale 160  MINIMIZING HEALTH RISKS
soil-aquifer treatment (SAT) scheme (120–140Mm3/yr) that has now been 
operational for more than 30 years (Icekson-Tal et al., 2003). SAT is particularly 
suitable for unrestricted irrigation as it provides storage as well as treatment to a 
level comparable to drinking-water quality. However, operation and maintenance 
are not simple: for example, particular attention has to be paid to optimizing the 
operation of the recovery wells to prevent high sand concentrations in the pipes 
and to minimize bioﬁlm growth and iron and manganese deposits (Bixio et al., 
2005).
COMPARISON OF TREATMENT METHODS
Table 8.2 summarizes the main characteristics of the wastewater treatment processes 
presented here, as well as some others not described in detail. The selection of a 
speciﬁc treatment process needs to be based on local climatic conditions and 
economic and human resource capabilities.
CONCLUSIONS
For agricultural irrigation in developing countries, it is important to select 
wastewater treatment processes that both reduce pathogen numbers and retain 
the nutrients. These are demands that are often difﬁcult to reconcile and therefore 
a detailed analysis for each particular situation is required. As illustrated by WHO 
(2006), it is important to reduce pathogen levels before wastewaters are used for 
crop irrigation. For this to be achieved in practice, only locally viable treatment 
methods should be selected. Where, for example, institutional capacities to build 
and maintain treatment plants are limited, as is common in many developing 
countries, ‘low-tech’ natural systems should be used, commonly in conjunction 
with post-treatment health-protection control measures (see Chapter 5). In high-
income countries, wastewater treatment coverage becomes more comprehensive 
and more advanced processes become ﬁnancially and operationally feasible, so 
allowing society to rely on wastewater treatment more and more to prevent food 
contamination from wastewater irrigation. 
In addition, knowledge of the types of pathogens and their expected numbers 
in local wastewaters is required in order to ensure that the selected process is capable 
of efﬁciently inactivating or removing them. It is also important to consider the 
amount and quality of sludge produced during wastewater treatment and how it 
will be disposed of or locally reused.WASTEWATER TREATMENT FOR PATHOGEN REMOVAL   161
Table 8.2  Characteristics of wastewater treatment processes with reference to their 
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low evaporation 
rates.
Permits the whole 
year’s wastewater 
to be used in the 
irrigation season, 
so enabling a 
greater area to 
be irrigated and 
thus more crops 
produced.
Does not require 
a conventional 
disinfection step
Water loss due to 
evaporation can be high, so 
leads to increased efﬂuent 
salinity.
High land demand.
Algal content in the efﬂuent 
may clog sprinklers if used. 
Can facilitate vector 
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secondary) treatment. 
Sludge needs further 
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– High efﬁciency of 
virus inactivation. 
Needs to be applied to 
efﬂuents with low organic 
matter and suspended 
solids contents. 
Higher cost and complexity 
than chlorination.
Low efﬁciency of helminth 
inactivation at economical 
doses. 
Needs to be generated on 
site.
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Low No water 
losses due to 
evaporation.
Simple operation.
Requires large land area.






water into a 
local aquifer for 
storage until next 
irrigation season
High (due to 
die-off during 
long storage)
Low No water 
losses due to 
evaporation.
Only to be used only for 
efﬂuents with low organic 
matter and suspended 
solids contents.
High cost and complexity.
Pump maintenance often 
problematic.
Source: Alcalde et al. (2006), Asano and Levine (1998), Clancy et al. (1998), Jiménez (2003, 2005), Jiménez and Chávez 
(2002), Jiménez and Navarro (2009), Karimi et al. (1999), Landa et al. (1997), Lazarova et al. (2000), Mara (2004), Metcalf 
and Eddy, Inc. (1991, 2003), NRMMC and EPHCA (2005), Rivera et al. (1995), Rojas-Valencia et al. (2004), Rose et al. 
(1996), Schwartzbrod et al. (1989), Sobsey (1989), Sperling and Chernicharo (2005), Sperling et al. (2003), Strauss (1996), 
WHO (2004, 2006)








1  The opinions expressed in this chapter are those of the authors and do not necessarily 
reﬂect the views or policies of the World Health Organization.
2  It is important to note that helminth egg removal efﬁciency provides more information 
when expressed as a percentage, rather than in log units (as in WHO, 2006), due to 
their much lower numbers in wastewater compared to those of bacteria and viruses 
and the need to achieve single-digit efﬂuent qualities. 166  MINIMIZING HEALTH RISKS
3  Log units are, strictly, log10 units, such that a 4 log unit reduction (for example) = 
99.99 per cent removal.
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Low-Cost Options for Pathogen 
Reduction and Nutrient Recovery 
from Faecal Sludge
Doulaye Koné, Olufunke O. Coﬁe and Kara Nelson
ABSTRACT
Recently, the application of excreta-based fertilizers has attracted attention due 
to the strongly increasing prices of chemically produced fertilizers. Faecal sludge 
from on-site sanitation systems is rich in nutrients and organic matter, constituents 
which contribute to replenishing the humus layer and soil nutrient reservoir and 
to improving soil structure and water-holding capacity. Hence, it represents an 
important resource for enhancing soil productivity on a sustainable basis. However, 
there is little in the scientific literature about the performance of treatment 
technology allowing recovery of nutrient resources from human waste. This 
paper reviews the state of knowledge of different processes that have been applied 
worldwide. Their pathogen removal efﬁciency as well as nutrient and biosolids 
recovery performances are assessed. The chapter outlines the gaps in research for 
further development.
INTRODUCTION
Contrary to wastewater management, the development of strategies and treatment 
options adapted to the conditions prevailing in developing countries to cope with 
faecal sludges (FS), the by-products of on-site sanitation installations, have long 
been neglected. In recent years though, an encouraging number of initiatives for 172  MINIMIZING HEALTH RISKS
improved FS management, including the devising of appropriate FS treatment 
schemes, have emerged, for instance in several West African countries (Senegal, 
Mali, Ivory Coast, Burkina Faso, Ghana) and in Southeast Asia (Nepal, Philippines, 
Thailand, Vietnam) as well as in Latin America. These initiatives help urban 
dwellers and authorities to overcome the challenges posed by what might be 
designated the ‘urban shit drama’ – the indiscriminate and uncontrolled disposal 
of faecal sludges into drains, canals and open spaces, thereby creating a ‘faecal 
ﬁlm’ prevailing in urban areas and impairing public health, causing pollution, and 
creating nose- and eyesores.
The authors estimate that in the order of one-third of the world population 
(approximately 2.4 billion urban dwellers) rely on on-site sanitation installations, 
namely unsewered family and public latrines and toilets, aqua privies and septic 
tanks. This situation is likely to last for decades to come, since city-wide sewered 
sanitation is neither affordable nor feasible for the majority of urban areas in 
developing countries. Using the ﬁgure of 1 litre FS/cap/day as an average FS 
generation rate in urban areas (based on literature data and our own investigations), 
in a city of 1 million inhabitants, in the order of 1000m3/d of FS should be 
collected and disposed of daily. However, reported daily collection rates for cities 
much larger than this (e.g. Accra, Bangkok and Hanoi) rarely exceed 300–500m3/
d. This indicates that huge quantities, if not the major fractions, of the FS generated 
are disposed of unrecorded or clandestinely within the urban settlement area. 
When full, latrines are emptied mechanically by emptying trucks, or manually 
by labourers or family members (sometime the only option for the poorest 
households). While mechanically emptied sludge, from planned and accessible 
areas, can be transported and disposed of several kilometres from people’s homes, 
the manually emptied sludge from inaccessible low-income areas is usually 
deposited within the family’s compound, into nearby lanes, in nearby drains or 
on open land. These practices, often unrecorded, represent a signiﬁcant risk to 
public health and have a high disease impact on emptying operators, their families, 
the households living in the immediate area and on vulnerable populations in 
latrine-based cities. To achieve effective and sustained health protection for these 
exposed urban populations, future latrine provision programmes must develop an 
approach that links on-site sanitation infrastructure to the transport system and 
safe reuse or disposal/treatment of the emptied faecal sludge (solids, liquid, or a 
mixture of both). This approach could be different for the planned and densely 
populated slum areas.
The low-cost FS treatment processes considered by the authors to be potentially 
suitable for developing countries comprise mainly non-mechanized options as 
listed below. These options are not sufﬁciently documented and updated in the 
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Faecal sludge low-cost treatment options considered in this 
chapter
•  settling/thickening tanks or ponds (non-mechanized, batch-operated);
•  unplanted drying beds;
•  constructed wetlands;
•  combined composting (‘co-composting’) with organic solid waste;
•  pond treatment of FS supernatants or percolates;
•  land application in hot arid to semi-arid regions;
•  anaerobic digestion with biogas utilization;
•  lime stabilization.
These options, with the exception of anaerobic digestion and lime stabilization, 
have been experimented upon and investigated during ten years of collaborative 
ﬁeld research with selected partners in Latin America, West Africa and Asia. 
Information on mechanized and energy-intensive sludge processing systems 
currently used in industrialized countries is described in International Solid Wastes 
and Public Cleansing Association Working Group on Sewage and Waterworks 
Sludge (1998).
CHALLENGES IN TREATING FAECAL SLUDGES
The choice of a FS treatment option depends primarily on the characteristics of 
the sludges generated in a particular town or city and on the treatment objectives 
(agricultural reuse, landﬁlling of biosolids, or discharge of treated liquids into 
receiving water bodies). Like for wastewater, FS characteristics vary widely within 
and between cities, based on the types of on-site sanitation installations in use (e. g. 
dilution factor) and whether manual or mechanical emptying practices are used. 
Sludges from septic tanks are biochemically more stable due to the long storage 
periods compared to sludges from installations which are emptied weekly (e.g. 
public toilet vaults). In cities like Bangkok, Hanoi and Buenos Aires, for instance, 
septic tanks are the predominant form of on-site sanitation installations. When 
septic tanks are emptied, both the solid and liquid portions are usually pumped 
out. Where soak pits are used for inﬁltrating the septic tank supernatants, they 
may have to be emptied, too, due to clogging. This contributes to diluting the FS 
collected in a particular settlement. In West Africa, an important fraction of the 
urban population relies on public toilets, which are usually highly frequented. In 
Kumasi (Ghana), a city of 1 million inhabitants, 40 per cent of the population rely 
on unsewered public toilets, which are emptied at weekly intervals. The sludges 
collected from these installations are biochemically unstable (high in BOD5) and 
exhibit high ammonium (NH4
+-N) concentrations, as urine is disposed of with 
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The speciﬁc challenges in treating FS in developing countries, as opposed 
to treating wastewater, lie in the fact that pathogen concentrations are higher 
by a factor of 10 to 100 in FS than municipal wastewater and that appropriate, 
affordable and enforceable discharge and reuse standards or guidelines pertaining to 
FS treatment are lacking. Table 9.1 lists FS characteristics observed by the authors 
and their partners in selected cities in Africa and Asia. The fact that FS exhibit 
widely varying characteristics calls for a careful selection of appropriate treatment 
options, especially for primary treatment. This may encompass solids–liquid 
separation or biochemical stabilization if the FS is still fresh and has undergone 
only partial degradation during on-plot storage and prior to collection. Faecal and 
wastewater treatment plant (WWTP) sludges may, in principle, be treated by the 
same type of modest-cost treatment options.
WHY RECYCLE HUMAN EXCRETA?
Faecal sludges are rich in nutrients and organic matter – constituents which 
contribute to replenishing the humus layer and soil nutrient reservoir and to 
Table 9.1  Faecal Sludge (FS) characteristics in selected cities in developing countries




















TVS (% of TS) 68 59 65 73 50 (VSS)
COD (mg/l) 49,000 7800 31,000 15,700
(1200–76,000)
4200
BOD5 (mg/l) 7,600 840 N/A 2300
(600–5,500)
(750–2600)
TN (mg/l) N/A N/A 1100 1100
(300–5,000)
190





N/A (13–94) 2813 (0–14) (0.1–16)
TS: total solids; SS: suspended solids; TVS: total volatile solids; VSS: volatile suspended solids; COD: chemical oxygen 
demand; BOD5: biochemical oxygen demand; TN: total nitrogen.
aSludge collected from latrines shared by a high-density population or latrines with very high emptying frequency (weeks, 
months).
bSludge collected from septic tanks after two to ﬁve years. Septage is well digested and less concentrated in solids and 
nitrogen than public-toilet sludge.
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improving soil structure and water-holding capacity. Hence, they represent 
an important resource for enhancing soil productivity on a sustainable basis. 
Unfortunately, in most urban areas of developing countries, FS management 
remains largely unregulated and chaotic, hence it causes contamination of soils 
and water bodies and endangers human health. 
Many municipal decision-makers are well aware, though, that developing 
and applying sound recycling strategies would greatly contribute to alleviating 
the management problems. However, little action has been taken to recycle 
FS on a sustainable basis. It has been estimated that, worldwide, the global 
fertilizer industry produces some 170 million tons of fertilizer nutrients annually 
(International Fertilizer Industry Association, 2009), while at the same time 50 
million tons of fertilizer equivalents are dumped into water bodies via sewered 
sanitation systems (Werner, 2007). Recovery of organic matter and nutrients 
from human waste as biosolids is an economic necessity and an urgently needed 
environmental protection strategy. As a consequence, strategies and low-cost 
technological options for excreta treatment have to be developed which allow the 
cost-effective and affordable recycling of organic matter and nutrients especially 
to urban and peri-urban agriculture.
Drangert (1998) reported the fertilization equivalent of human excreta, which 
is, in theory at least, nearly sufﬁcient for a person to grow his own food. However, 
the value of nutrients that can be recovered during recycling would be less than 
that contained in the raw excreta since it is impossible to recover all the value in 
whatever treatment option is adopted. The nutrient content in FS shows that it is 
a potential resource which should be utilized by farmers to replenish soil fertility 
for increased crop yield. It could be mixed with organic solid waste to generate 
very good fertilizer material. The organic waste fraction in solid waste remains 
the largest proportion that can be recovered. The high content of organic matter 
(50–90 per cent) provides an opportunity for exploitation through composting 
processes (Allison et al., 1998; Asomani-Boateng and Haight, 1999).
NUTRIENT RECOVERY AND BIOSOLIDS SANITIZING PROCESSES
The separating of the solids and liquids which make up FS is the process-of-choice 
in FS treatment, unless it is decided to co-treat FS in an existing or planned 
wastewater treatment plant or if the FS loads are small compared to the ﬂow of 
wastewater. Solids–liquid separation may be achieved through sedimentation 
and thickening in ponds or tanks or ﬁltration, and drying in sludge drying beds. 
Table 9.2 provides an overview of how selected treatment processes or process 
combinations are able to achieve reductions of certain contaminants or constituents. 
The separated solids will in most cases require further storage, dewatering, drying 
or composting, resulting in biosolids usable as a soil conditioner-cum-fertilizer. 
Upon separation, the liquid fraction can be used directly for agriculture or other 176  MINIMIZING HEALTH RISKS
Table 9.2  Overview of selected options and expected removal (recovery) efﬁciencies 
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aSolids Accumulation Rate = the amount of solids that accumulate in a treatment system until the operation is stopped.
S: surface area required per capita, HRT: hydraulic retention time
Source: Kone and Strauss (2004)
purposes such as aquaculture. In areas where reuse is not an option, it will undergo 
a polishing treatment to satisfy criteria for discharge into surface waters and/or to 
avoid groundwater pollution, where efﬂuents are allowed to inﬁltrate.
Biosolids recovery through faecal sludge solids–liquid separation
The choice of either sedimentation tanks or ponds, besides depending on the type 
of sludges to be treated, is also determined by the mode of operation envisaged and 
by the provisions which are made for handling the mass of solids to be periodically 
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sedimentation/thickening tanks, which, in their low-cost version, will be non-
mechanized and batch-operated in loading/consolidating cycles of weeks to a few 
months, will be much smaller than the mass of solids to be emptied and handled 
from primary ponds. These have typical operating cycles of 6–12 months, unless 
measures are introduced, by which settled solids are evacuated at higher frequencies 
without stopping pond operations. 
Settling ponds 
Suspended solids (SS) retention efﬁciencies of up to 96 per cent are achieved 
in two alternating, batch-operated septage sedimentation ponds in Alcorta, 
Argentina (Ingallinella et al., 2002). The concomitant solids accumulation rate 
amounts to 0.02m3/m3 of raw FS. The quality of the septage pond efﬂuent (COD 
= 650mg/litre, BOD5 = 150mg/litre, NH4
+-N = 104mg/litre) resembles that of 
urban wastewater, allowing the combined treatment of the two liquids in a waste 
stablization pond (WSP) system comprising a facultative and a maturation pond 
(Ingallinella et al., 2002). Septage deliveries to the pond in operation are suspended 
and the supernatant transferred to the parallel pond when the settled solids layer 
has reached 50cm. The accumulated sludge is left to dewater until a total solids 
(TS) concentration of >20–25 per cent is achieved, allowing it to be shovelled. 
This lasts up to six months under the temperate-subtropical climate prevailing in 
the particular area (400km west of Buenos Aires). Bulking material such as grain 
husks, sawdust or woodchips could be used under such conditions to shorten the 
in situ storage and dewatering time. This type of settling pond design is based 
on an assumed pond-emptying frequency and on the known or expected solids 
accumulation rate.
Settling/thickening tanks
Twin, batch-operated, non-mechanized sedimentation/thickening tanks were put 
into use by the Accra (Ghana) Waste Management Department in 1989 to treat 
septage and public-toilet sludges at mixing ratios of approximately 3:1. The tanks 
were intensively investigated by the Ghana Water Research Institute and SANDEC 
from 1994–1997 (Heinss et al., 1998). Four distinct zones were observed to 
develop while FS loading was in progress: a lower bottom thickening zone with TS 
up to 140g/litre (14 per cent), an upper bottom zone with 60gTS/litre, a settled 
water zone with 3–4gTS/litre and a scum layer containing up to 200gTS/litre. The 
settled solids accumulation rate was 0.16m3/m3 of raw FS and SS retention ranged 
from 60–70 per cent. The average COD and SS contents in the tank efﬂuents 
amounted to 3000mg/litre and 1000mg/litre, respectively. 
Unplanted drying/dewatering beds
Unplanted drying beds can be used for dewatering and drying of septage, 
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pond sludges with initial TS content varying from 1.5 to more than 7 per cent. 
Dewatering performance varies with the initial TS and TVS (total volatile solids) 
content and the applied loads. Pescod (1971), in conducting septage dewatering/
drying experiments on yard-scale drying beds in Thailand, found that 5–15 days of 
dewatering were necessary to reach a TS content of 25 per cent with initial solids 
loading rates varying from 70 to 475kgTS/m2/year and a loading depth of 20cm. 
In Ghana, a dewatered sludge with 40 per cent TS was obtained from a mixture 
of septage/public-toilet sludge in 12 days, with an initial solids loading rate of 
200kgTS/m2/year and a loading depth of < 20cm. With a solids loading rate of 
130 TS/m2/year, a sludge with 70 per cent TS was obtained in nine days and a 
reduction in the percolating liquid (compared to the raw sludge mixture) of 60 per 
cent BOD5 and 70 per cent COD was achieved (Heinss et al., 1998).
Planted dewatering/drying beds (constructed wetlands)
Constructed wetlands have been successfully operated by the Asian Institute of 
Technology (AIT) from 1997–2004, for treating septage in Bangkok, containing 
14,000–18,000mgTS/litre. An optimum loading rate of 250kgTS/m2 per year 
was established, based on seven years of ﬁeld research with three pilot constructed 
wetland beds (Koottatep et al., 2005). The beds were planted with Typha angustifolia 
(narrow-leaved cattail). Each bed had a surface of 25m2 and was fed with 8m3 of 
septage once a week. Impounding of the percolate proved necessary to secure 
sufﬁcient humidity for the cattails, which developed wilting symptoms during 
dry seasons. Overall, 70–80 per cent TS, 96–99 per cent SS and 95–98 per cent 
total COD (TCOD) removals were achieved in the liquid fraction of the septage. 
TCOD removal was improved by impounding and so was nitrogen removal 
through denitriﬁcation. Ponding periods of six days were found to be optimal. 
The constructed wetlands were able to accumulate 70cm of sludge after four years 
of operation while maintaining their full permeability. The TS content of the 
dewatered sludge varied from 20–25 per cent in the uppermost layer (< 20cm) to 
25–30 per cent in the deeper layers. Under steady loading conditions, the percolate 
quality was constant. TCOD in the percolate amounted to 250–500mg/litre, TS to 
1500–4000mg/litre and SS to 100–300mg/litre. Experiments with biochemically 
unstable and highly concentrated sludges like those from public toilets in West 
African cities have not been conducted to date.
Nitrogen recovery
Settling tanks and ponds
Nitrogen lost in settling tanks (Table 9.2) is negligible due to the absence of 
nitriﬁcation under the fully anaerobic conditions prevalent. In pond schemes, 
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and accumulates in the sediments. Additional losses may occur by ammonia 
(NH3) volatilization if overall hydraulic retention times are sufﬁciently long 
(weeks to months) and pH rises above 8, enabling the formation of NH3 in the 
pH-dependant NH4/NH3 equilibrium (Heinss et al., 1998). 
Unplanted drying beds
Organic nitrogen is ﬁltered with the suspended solids retained on the bed surface 
(90–97 per cent). NH3-N is lost by volatilization depending on local climatic 
conditions (wind, temperature, rain). Experiments from Ghana, conducted with 
different types of sludges, resulted in nitrogen recovery of 35–70 per cent (Coﬁe 
et al., 2006).
Planted dewatering/drying beds (constructed wetlands)
Nitrogen recovery of 55–60 per cent in planted dewatering beds treating septage is 
estimated to be due mainly to the accumulation of organic nitrogen in the dewatered 
sludge layers. Losses of nitrogen are due to NH3 volatilization and nitriﬁcation/
denitriﬁcation processes, and account for 15–35 per cent (Panuvatvanich et al., 
2009). Percolate concentrations of 100–200mg/litre of organic and ammonia 
nitrogen and 50–150mg/litre of NH4
+-N were observed at AIT’s pilot scheme 
with initial concentrations of 1000 and 350mg/litre N, respectively (Koottatep 
et al., 2005).
Co-composting
The dynamics of nitrogen during co-composting of FS and organic solid waste 
have been documented (Coﬁe et al., 2006, 2009). Researchers found that the 
highest concentrations of ammonia-nitrogen recovered from co-composting 
of FS with organic solid waste occurred during the early stages of composting, 
when the organic matter degradation is most intense and NH4-N is produced 
through the mineralization of organic nitrogen. NH4-N concentration decreased 
continually during the thermophilic phase up to day 40 and then remained fairly 
stable afterwards until the end of maturation. It was observed that after 50 days of 
composting no further signiﬁcant degradation of NH4-N could be observed as the 
compost is maturing with a ﬁnal value of 0.01 per cent of ammonium nitrogen. 
For nitrate (NO3-N), little nitriﬁcation can be observed under the thermophilic 
conditions. After the thermophilic phase, when the inner temperature is around 
45°C, nitriﬁcation begins and a drastic decrease in ammonium concentration 
occurs. This started to occur after 30 days of composting. The nitrate value of 0.04 
per cent at this point rose steadily and reached its maximum value of about 0.12 
per cent after 60–70 days of composting. 
Both organic nitrogen and total nitrogen (TN) have similar behaviour during 
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phase, the nitrogen concentration remained fairly constant. During maturation the 
nitrogen levels rose higher than during the thermophilic phase. The ﬁnal organic 
nitrogen value was about 1.05 per cent TS and the TN value was about 1.16 per 
cent TS.
Faecal sludge liquid fraction
Although high losses of nitrogen can occur in some of the above treatment processes, 
the efﬂuent (or percolate) still contains high concentrations of nitrogen which can 
be used for irrigation. Where the possibility of recycling into agriculture exists, the 
salt content is often a limiting factor. Electrical conductivities (EC) observed in the 
supernatants of the Accra sedimentation tanks ranged from 8–10mS/cm but salt 
tolerance limits of even the most tolerable plants are 3mS/cm. Percolates from the 
AIT’s planted dewatering units exhibited EC values of 2–5mS/cm. However, the 
long-term impact on soil salinity may be negligible as the high conductivity in the 
percolates or supernatants is mainly due to the high concentration of NH4
+. 
In Ghana, pond systems have been developed to polish efﬂuent from the 
settling/thickening tank pre-treatment units. Algal growth was inhibited due to 
the excessive ammonia content caused by the highly concentrated public-toilet 
sludges. These exhibit NH4
+-N + NH3-N levels of > 3000mg/litre leading to NH3-
N levels in the FS liquids which are beyond the toxicity limits of algae (40–50mg 
NH3-N/litre). In Kumasi, where septage and public-toilet sludges are collected 
and disposed in ponds at a volumetric ratio of 1:1, NH3 volatilizing from the FS 
pond scheme causes eye irritation during periods of high temperature and during 
periods of insufﬁcient winds. Ammonium concentrations in the public-toilet 
sludges, coupled with high ambient temperatures of >28°C, favour the release of 
obnoxious amounts of NH3-N (Strauss et al., 1997).
Pathogen inactivation (biosolids sanitization)
The fate of pathogens during FS solid–liquid separation processes depends on 
their size and degree of particle association. Due to their large size, helminth 
eggs are concentrated with the solids, whereas bacteria and viruses may be found 
both in the liquid and attached to particles in the solids. Under most conditions, 
helminth eggs are expected to be the most resistant pathogens in FS. Although 
die-off of helminth eggs in the sludge layer of ponds has been documented (Nelson 
et al., 2004; Sanguinetti et al., 2005), some eggs can survive for many years. Low-
cost treatment options such as planted drying beds, unplanted drying beds or 
co-composting can achieve high inactivation efﬁciency of helminths eggs when 
treating faecal sludge (Table 9.3). 
Percolates from planted and unplanted drying beds are free of helminth eggs 
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(2009) showed that the planted drying beds can reduce helminth egg concentration 
from 78.9 eggs/gTS to 4.0 eggs/gTS after a six-month loading period follow by 
six additional months’ resting. No Ancylostoma duodenale, Strongyloides stercoralis, 
Enterobius vermicularis and Taenia sp. eggs were present after a four-month resting 
period for the sludge. During the six-month resting period, the biosolids dry-matter 
content increased from 51 to 77 per cent. However, the biosolids were not entirely 
sanitized after this storage period as regards compliance with the WHO Guidelines 
of less than one egg/gTS for safe agricultural practice (WHO, 2006). Hence prior 
to direct application on ﬁelds, further storage for at least one month protected 
from rain or other additional treatment may be necessary. Similar results were also 
obtained by Sanguinetti et al. (2005), who found a signiﬁcant reduction of Ascaris 
egg viability with decreasing humidity (below 40 per cent) in unplanted drying 
beds in Argentina. From the authors’ experience, a minimum six-month storage 
time is required to sanitize faecal sludge in planted dewatering beds under tropical 
conditions; the rate of sanitizing depends on the degree of drying.
Co-composting has been tested successfully as a means to sanitize faecal sludge 
due to the high temperatures produced during aerobic composting. In dewatered 
FS co-composted with municipal solid waste, greater than a 1 log unit removal of 
helminth eggs was achieved after two months (Koné et al., 2007). During the ﬁrst 
month, the temperature at the centre of the compost pile was higher than 60°C, 
and near the edge it was initially above 45°C. These temperatures may increase the 
permeability of the Ascaris eggs’ shell (Barrett, 1976), allowing transport of harmful 
compounds, as well as increasing the desiccation rate of the eggs (Capizzi-Banas et 
al., 2004; Feachem et al., 1983; Gaspard and Schwartzbrod, 2003). The decrease 
in moisture content in the eggs may reduce the helminth larvae’s mobility and 
movement, thus contributing to their decay (Sanguinetti et al., 2005; Stromberg, 
1997; Wharton, 1979). 
Table 9.3  Pathogen inactivation efﬁciency of selected low-cost faecal  
treatment options





Settling ponds 3 4  Fernandez et al. (2004)
Planted dewateringdrying beds 
(constructed wetlands)
1.5 12  Koottatep et al. (2005)
Unplanted drying/dewatering beds  
(for pre-treatment)
0.5 0.3–0.6  Heinss et al. (1998)
Composting (windrow, thermophilic) 1.5–2.0 3 Koné et al. (2007)
pH elevation > 9 3 6 Chien et al. (2001)
Anaerobic (mesophilic) 0.5 0.5–1.0 Feachem et al. (1983); 
Gantzer et al. (2001)
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Thus, the combination of unplanted drying beds and co-composting of 
subsequently dewatered sludge can produce hygienic biosolids safe for agricultural 
reuse. Additional options for treatment include maintaining high pH (Capizzi-
Banas et al., 2004; Gaspard and Schwartzbrod, 2003), particularly in the presence of 
ammonia (Pecson et al., 2007; Pecson and Nelson, 2005). High pH can be achieved 
by addition of lime or ash; if quicklime (CaO) is used, heat is also generated. 
Because of the high NH4
+-N content of FS (Table 9.3), rapid inactivation of Ascaris 
eggs by the neutral form of NH4
+-N can occur. However, this process will also lead 
to rapid loss of NH4
+-N due to volatilization, which is undesirable for nitrogen 
recovery. Also, this process has not yet been tested in the ﬁeld for FS treatment.
Based on epidemiological and the quantitative microbial risk assessment 
(QMRA), Navarro et al. (2009) showed that higher helminth egg concentrations 
in biosolids did not signiﬁcantly increase consumers’ and farmers’ health-risk 
exposure. Indeed, the current WHO Guidelines (WHO, 2006) were not developed 
using epidemiological evidence on this aspect. As a consequence, the indicative 
guideline value of 1 helminth egg/gTS in biosolids appears to be more stringent than 
necessary and unaffordable to achieve in most cases in developing countries. 
Biosolids heavy metal content
Biosolids generated from constructed wetlands can be recycled in agriculture 
without reservation as regards heavy metal content, as tests in Bangkok exhibited 
relatively low trace element concentrations (mg/kgTS) of 63 Pb; 14 Ni; 26 Cr; 
Table 9.4  Trace elements in biosolids recovered from constructed wetlands
Parameters Trace elements concentration (mg/kgTS)
Biosolids 








(Coﬁe et al., 
2008)
Limit values in 
EC eco label 
compost  
(Hogg et al., 
2002)
Limit values in 
Spain sewage 
sludge (Hogg et 
al., 2002) 
Fe 9579 ± 14 – – – –
Pb     63 ± 32   24 ± 13 34 ± 41 100    750
Ni   14 ± 3 12 ± 2 9 ± 2   50    300
Cr   26 ± 4   90 ± 32 62 ± 20 100  1000
Cd        2.4 ± 0.8   0.4 ± 0.1 0.0 ± 0.2     1     20
Cu        575 ± 283 –  –  100 1000
Zn        703 ± 436 – –   50 2500
Mn      186 ± 25 – –  –  –
Se        32 ± 16 – – – –
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24 Cd; 575 Cu; 703 Zn; 186 Mn and 32 Se (Table 9.4). These values are below 
the limits acceptable for sewage sludge application or disposal in most European 
countries (Hogg et al., 2002). Concentrations of Pb, Ni and Cr are even below the 
limiting values of the European Communities eco label composts. These results 
showed that FS emptied mechanically in Bangkok is not highly contaminated by 
heavy metals. However, this may be a concern in areas where industrial sludges are 
mixed with FS for disposal.
In addition to this, co-composting of FS with organic solid-waste-generated 
compost with an acceptable content of heavy metals was found to be less than 
even the strict Swiss standard for compost (ASCP, 2001), except for Mercury (Hg), 
which in principle may still be acceptable following other European standards 
as summarized by Brinton (2001). Hence co-composting does not pose any 
environmental problems regarding heavy metal accumulation on agricultural 
land. It was observed that the Ni and Cr concentrations in the 3:1 (solid waste:
FS) mixing ratio are signiﬁcantly higher than in the 2:1 mixture. This observation 
implies that heavy metals are introduced to compost by the organic solid waste 
rather than FS. Therefore, the use of FS as a nitrogen source does not introduce 
high levels of heavy metals into the ﬁnished compost.
CONCLUSIONS
Human excreta collected as FS from on-site sanitation systems in developing 
countries can be converted into safe biosolids or pathogen-free liquid for reuse 
in agriculture. Although pathogen concentrations, particularly helminth eggs, 
are high in FS, ﬁltration systems such as drying beds (planted and unplanted) 
concentrate them into the solids fraction, hence delivering a liquid phase free of 
helminths. 
Comparing planted and unplanted drying beds, the concentration of pathogens 
in the sludge accumulated from the planted drying beds is reduced because of the 
reduction in moisture content. Other factors such as lack of nutrients also play 
an important role in pathogen decay. However, sludge accumulated by unplanted 
drying beds may still contain helminth eggs if the drying time is not long enough. 
Hence, these sludges need to be further treated, i.e. by co-composting before safe 
reuse in agriculture.
Thermophylic co-composting with organic solid waste produces safe biosolids 
as helminth eggs are inactivated mainly during the heating phase. Because of its 
high nitrogen content, dewatered faecal sludge constitutes a good complementary 
substrate to organic solid waste, which is rich in carbon.
The biosolids produced from these processes are rich in nutrients and safe, 
from the perspective of heavy metal concentrations, when compared to existing 
guidelines for biosolids reuse in agriculture. Considering the current food crisis, the 
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mitigation strategy to enhance agricultural soil productivity and farmers’ incomes, 
as this product is available at competitive prices compared to industrial fertilizer.
Gaps in research 
The world sanitation community has recently deﬁned sustainable sanitation as 
systems which take into consideration all aspects of sustainability. They should 
protect and promote human health by providing a clean environment and breaking 
the cycle of disease. In order to be sustainable a sanitation system has to be not 
only economically viable, socially acceptable, and technically and institutionally 
appropriate, it should also protect the environment and the natural resources. 
Hence, when improving an existing sanitation system and/or designing a new 
one, it is suggested that the following sustainability criteria be considered: health 
aspects, environment and natural resources; technology and operation; ﬁnancial 
and economic issues; and socio-cultural and institutional aspects (Sustainable 
Sanitation Alliance, SuSanA, 2008). This opens interesting prospects for FS-
based products as organic fertilizer in agricultural applications in developing 
countries. Indeed, a range of pollutants can occur in FS, including pharmaceutical 
compounds, natural and artiﬁcial hormones, and pathogens. In view of the fact 
that the application of pharmaceuticals in developing and transition countries 
is increasing, the application of untreated FS on a large scale could lead to 
unforeseeable environmental risks (Lienert et al., 2007). Therefore, in addition to 
sanitizing FS, the removal of micropollutants and their derivatives is considered 
to be a key factor contributing to sustainability if FS is to be applied for reuse in 
agriculture (Shannon et al., 2008; UNEP, 2002). 
When developing new treatment options in developing countries, the 
availability of sufficient and reliable energy often dictates the choice of the 
technology or sanitation systems. Energy consumption during the operation of a 
particular sanitation system is also a key aspect concerning its environmental and 
economic sustainability (van Timmeren and Sidler, 2007). It is estimated that 
75 per cent of sub-Saharan Africans (550 million people) and some 50 per cent 
of South Asians (700 million people) do not have access to electricity. Given the 
problems for energy-generation faced by these economies, low-energy processing 
systems need to be developed for sustainable operation and regular production of 
FS-based fertilizer, especially in farming areas.
Linking urban sanitation infrastructure and service provision to city 
development can draw sufﬁcient ﬁnancial resources for building infrastructure 
and securing operation and maintenance costs, as city planners might see the direct 
economic beneﬁts of recycling. It is also an opportunity to close the nutrient loop 
in urban excreta and wastewater management. Such a linkage can be established 
with agriculture, which contributes an important share to urban food supply.
In the years to come, more than 2.6 billion people without access to improved 
sanitation will have to be serviced (WHO and UNICEF, 2006). The majority LOW-COST OPTIONS FOR PATHOGEN REDUCTION  185
will likely use on-site sanitation, the predominant option in developing countries. 
Considering this, it can be assumed that for decades to come growing quantities 
of FS, dehydrated faeces and urine will have to be dealt with.
Thus, the goals and requirements of human waste or FS collection and 
treatment systems can be summarized as follows:
•  recovery of nutrients and biosolids;
•  removal of micropollutants;
•  increase the concentration of nutrients;
•  sanitizing of faecal sludge for reuse;
•  economical, energy efﬁcient and market-driven implementation.
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Farm-Based Measures for Reducing 
Microbiological Health Risks 
for Consumers from Informal 
Wastewater-Irrigated Agriculture 
Bernard Keraita, Flemming Konradsen and Pay Drechsel
ABSTRACT
This chapter presents farm-based measures that have been developed and tested in 
the informal irrigation sector to reduce microbiological health risks for consumers 
from wastewater irrigation of vegetables commonly eaten uncooked. The measures 
target poor smallholder farmers or farmer associations in developing countries as 
part of a multiple-barrier approach for health-risk reduction along the farm to fork 
pathway. Measures discussed include treatment of irrigation water using ponds, 
ﬁlters and wetland systems; water application techniques; irrigation scheduling; 
and crop selection. In addition, the chapter highlights some practical strategies to 
implement these measures, based largely on ﬁeld experiences in Ghana. Although 
most measures discussed do not fully eliminate possible health risks, they can 
signiﬁcantly complement other pathogen barriers. Which measures ﬁt, either alone 
or in combination, will depend on local site characteristics and practices. Further 
studies are required to develop new measures or adapt them to other irrigation 
practices and systems in developing countries.190  MINIMIZING HEALTH RISKS
INTRODUCTION
Wastewater-irrigated agriculture is increasingly becoming a common phenomenon, 
and more so with increasing global water scarcity. Wastewater irrigation creates 
both opportunities and problems. The opportunities of wastewater irrigation are 
that it provides convenient disposal of waste products and adds valuable plant 
nutrients and organic matter to soils and crops (van der Hoek et al., 2002). 
Wastewater also provides reliable irrigation water and supports urban food supply, 
especially with perishable crops, making it a source of livelihood for many farmers 
and produce traders. On the other hand, wastewater irrigation, especially with 
untreated wastewater, facilitates transmission of diseases from excreta-related 
pathogens and vectors, skin irritants and toxic chemicals like heavy metals and 
pesticides. Of most concern in developing countries are excreta-related pathogens 
and skin irritants (Blumenthal et al., 2000; van der Hoek et al., 2005). These 
risks affect the sustainability of wastewater irrigation and need to be addressed. 
This chapter focuses on risk reduction measures for excreta-related pathogens, i.e. 
microbiological health risks for consumers of increasingly popular salad greens. 
For many years, wastewater treatment was seen as the panacea for reducing 
health risks in wastewater-irrigated agriculture. The WHO, in its 2006 Guidelines 
for safe use of wastewater in agriculture, reviewed more than 20 studies on removal 
of various pathogens by different treatment processes (WHO, 2006). The studies 
show that biological processes, as they take place in pond systems, are especially 
effective in pathogen removal. Indeed, in many developed and middle-income 
countries, such as the USA, Tunisia, Spain, France, Israel and Jordan, wastewater 
is effectively treated before application to agricultural ﬁelds (Jiménez and Asano, 
2008). In these countries, wastewater irrigation is formal, well regulated and 
controlled by well-established agencies (McCornick et al., 2004).
However, this is not the situation in most developing countries, which lack 
resources for effective wastewater treatment facilities; hence, large volumes of 
wastewater generated, especially in urban areas, remain untreated. Estimates 
show median levels of treated wastewater to be about 35 per cent in Asia, 14 per 
cent in Latin America and not even 1 per cent in sub-Saharan Africa (WHO, 
2000). This treatment is often minimal or partial (primary level) and the efﬂuent 
quality is poor. Therefore, in these countries, partially treated wastewater from 
the few existing treatment systems and large amounts of untreated wastewater 
are discharged into urban drainage systems and natural waterways, which farmers 
end up using on their farms. A recent survey suggests that wastewater without any 
signiﬁcant treatment is used for irrigation purposes in and around four out of ﬁve 
cities in the developing world (Raschid-Sally and Jayakody, 2008). Hence, while 
source treatment of wastewater is important, implementing supplementary, or in 
the worst case alternative, on-farm measures appears, for the time being, to be a 
realistic approach to reduce health risks posed by wastewater irrigation. FARM-BASED MEASURES FOR MICROBIOLOGICAL RISKS  191
In the following sections some simple measures are described that have been 
tested on leafy vegetables such as lettuce and spring onions, which are commonly 
eaten raw as salad or part of urban fast food. Measures include the use of alternative 
sites for agricultural production, alternative water sources, different types of pond 
systems, low-cost ﬁltration, improved ways of water fetching and application, and 
the choice of alternative crops. Examples refer in most cases to detailed studies in 
Ghana, supported by ﬁeld studies in Burkina Faso, Senegal, Togo and India. 
ON-FARM WATER TREATMENT MEASURES
The WHO (2006) describes measures for risk reduction outside conventional 
wastewater treatment facilities which might be called ‘post-treatment’ or ‘non-
treatment’ options (see Chapter 2). The term ‘non-treatment’ suits measures such 
as drip irrigation but not those measures which transfer conventional treatment 
processes to the farm. Pond-based systems are an example as ponds alone or in 
combination can be of very different sizes (down to 2–4m3), ﬁtting even small 
farms.
Pond-based systems
Pond systems are widely used as simple biological wastewater treatment systems in 
many low-income countries as they are cheaper than most conventional systems. 
In ponds, helminth eggs and protozoa cysts are mainly removed by sedimentation 
(Sperling et al., 2004), while pathogenic bacteria and viruses are removed by a 
combination of various factors that create an unfavourable environment for their 
survival (Curtis et al., 1992). However, in drier climates evaporation can cause the 
salinity of the pond water to increase, which makes it less suitable for cultivation 
(Clemett and Ensink, 2006). In addition, pond systems can be important breeding 
sites for mosquitoes, which are vectors for a number of diseases. 
Waste storage and treatment reservoirs (WSTR)
WSTR have traditionally been used as storage reservoirs for pre-treated wastewater 
from waste stabilization ponds (WSP) intended for irrigation use (Mara, 2004). 
During storage, further pathogen removal is achieved (Athyde-Junior et al., 2000; 
Cifuentes et al., 2000). Guidelines for designing WSTRs are detailed in Juanicó and 
Dor (1999) and Mara (2004). The use of a three batch-fed pond system (ﬁll-rest-
use) has shown best results for pathogen removal (Mara et al., 1996). Sometimes 
called the ‘Chinese three-tank’ system, at any one time, one tank is being ﬁlled by 
the farmer, one is settling and the settled water from the third is being used for 
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helminth eggs and achieve a 1–2 log reduction of other pathogens. In general, when 
WSTR are properly designed, operated and maintained, they can achieve a 2–4-log 
unit removal of viruses, a 3–6 log unit removal for bacteria pathogens and 100 per 
cent removal for helminth eggs (Juanicó and Milstein, 2004; WHO, 2006).
Simple on-farm sedimentation ponds
In Ghana, as in many other countries in West Africa, shallow dugout ponds, 
which are usually about 1m deep and have a surface area between 2 and 6m2, are 
widely used at urban irrigated vegetable farming sites. In most cases, they are used 
as storage reservoirs that surface run-off and wastewater efﬂuents are channelled 
into (Figure 10.1). Other variations include the use of mobile drums or concrete 
structures. Ponds are common in areas where irrigation water sources are far away. 
Farmers ﬁll them manually or by pumping water from streams or tube wells. 
The key advantage of the ponds is the reduced walking distance, especially where 
watering cans are used. Depending on the size of the reservoir and irrigation 
frequency, reﬁlling is done after one or several days. While the water is stored, 
sedimentation takes place and studies in Ghana showed that these ponds are very 
effective in removing helminths (reduced to less than one egg per litre) when 
sedimentation is allowed for two to three days. Removal of faecal coliforms in the 
same period was about 2 log units. In contrast to the reduction of worm eggs, the 
die-off of coliforms was only signiﬁcant during the dry season.
Digging a pond requires up to two man-days. With an additional plank to 
stand on (see below) the cost might be around US$20. The installation costs 
would be higher where concrete ponds are used as is common in other parts of 
West Africa (Figure 10.2). There are different measures possible that can enhance 
sedimentation in these ponds like using natural ﬂocculants and means to optimize 
pathogen die-off. These measures could help further to lessen the pathogen load 
in these mini-ponds.
Filtration techniques
There is a wide range of ﬁltration systems that can be used for treating irrigation 
water (Morel and Diener, 2006). For on-farm installation, sand-ﬁlters with slow 
application rates (slow sand-ﬁlters) are a possible option. However, sand should 
be of correct conﬁguration i.e. effective size (ES) of 0.15–0.40mm and uniformity 
coefﬁcient (UC) of 1.5–3.6 (Metcalf and Eddy, Inc., 1995). Sand-ﬁlters remove 
pathogenic micro-organisms from polluted water by ﬁrst retaining them in the 
ﬁltration media before they are eliminated (Stevic et al., 2004). Retention is 
achieved mainly through straining, in which larger micro-organisms (protozoans 
and helminths) are physically blocked as they move through the well-packed ﬁlter 
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ﬁltration media. Elimination of pathogenic micro-organisms is achieved mainly by 
exposing them to unfavourable environmental conditions such as high temperature 
and also through predation by other organisms like protozoans. Similarly to man-
made sand-ﬁlters, soils can act as natural bio-ﬁlters, especially if smaller textures 
(silt, clay) are dominant. 
The typical pathogen removal range reported by the WHO based on a 
review of several studies for slow sand-ﬁlters is 0–3 log units and 1–3 log units 
for bacteria and helminths respectively (WHO, 2006). Studies in Ghana using 
0.5–1m deep columns ﬁlled with uniform sand of mean ES of 0.17mm and UC 
3.6 achieved over 98 per cent of bacteria removal, equivalent to an average of 2 log 
units per 100ml, and 71–96 per cent of helminths were removed (Keraita et al., 
2008b). This removal was signiﬁcant but not adequate as irrigation water had very   
high initial levels of indicator organisms. For an urban vegetable farm of 0.1ha, a 
column sand-ﬁlter with a surface area of 0.4m2 placed on a simple stand and with 
Figure 10.1  One of several dugout ponds farmers are using on informal  
urban vegetable farms in Kumasi, Ghana194  MINIMIZING HEALTH RISKS
a water-storage tank costed about US$100. This amount was less than 5 per cent 
of the average net revenue made by farmers if the system could be used for ﬁve 
years or more. The greatest limitation of sand-ﬁlters is clogging which farmers can 
address e.g. via a textile pre-ﬁlter to remove debris. 
Farmers in West Africa also use other forms of infiltration systems. In 
Ouagadogou, Burkina Faso, wells are sunk next to wastewater canals, creating a 
hydraulic gradient which enables canal water to inﬁltrate the soil layer towards the 
well. In doing that, ﬁltration takes place, leading to a reduction in micro-organisms 
and turbidity. Wastewater can also be allowed to pass through sand-ﬁlter trenches, 
sand embankments, column sand-ﬁlters and simple sandbags as farmers channel 
irrigation water to collection storage ponds. These types of ﬁlter will mostly affect 
protozoa and helminths. In Togo, Ghana and Senegal, farmers use different forms 
of sieves, but mostly folded mosquito nets on the watering-can intake hole to 
prevent particles like algae, waste and organic debris from entering the watering 
cans (Figure 10.3). In doing that, some pathogens adsorbed to organic matter 
are removed. Studies on this kind of simple ﬁlter system showed about 1 log unit 
removal for bacteria and 12–62 per cent for helminths when a normal nylon cloth 
material was used (Keraita et al., 2008b). Filtration materials can also be attached 
to irrigation equipment such as pumps. In all cases it is recommended to ﬁne-tune 
the mesh size to ﬁnd the best balance between easy water fetching and maximal 
debris ﬁltration. As farmers are already used to these types of coarse ﬁlter systems 
Figure 10.2  Concrete reservoir used by smallholders in Lomé, Togo. Ponds are 
interconnected through tubes and ﬁlled with a pump from a tube well; at other 
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to eliminate visible obstacles, an opportunity exists for adaptive ﬁeld studies with 
high adoption potential.
Use of irrigation infrastructure
Irrigation infrastructure such as water reservoirs and weirs in irrigation canals can 
facilitate pathogen removal. Though not designed for this purpose, water-storage 
reservoirs can enhance sedimentation of helminths and bacterial die-off, especially 
in drier climates. Weirs, which are used for regulating irrigation water, act as traps 
for helminth eggs. A study done along the Musi river in Hyderabad, India, showed 
that irrigation infrastructure (mainly weirs, see Figure 10.4) can signiﬁcantly 
improve water quality (Ensink et al., 2006). In the study, no helminth eggs were 
found 40km downstream from where 133 eggs/litre were reported at a point on the 
Musi river closest to the city. Corresponding E. coli levels showed a reduction by 5 
log units from 7 log units per 100ml of water. Similar systems can be observed at 
micro-level where farmers block wastewater streams to create in-stream ponds (with 
overﬂow) for water fetching. In some instances, whole cascades of such barriers 
can be found (IWMI, 2008).
IMPROVED WATER FETCHING AND APPLICATION MEASURES
Fetching of irrigation water
In tests in Ghana, careful collection of irrigation water with a watering can, that did 
not disturb the sediment at the collection point in the stream or dugout, reduced 
Figure 10.3  Watering cans with mosquito mesh to avoid debris (Dakar, Senegal)196  MINIMIZING HEALTH RISKS
helminth egg counts in irrigation water by 70 per cent. Most eggs settled on the 
ﬁrst day of sedimentation. After three days without disturbance of the pond the 
average number of eggs in the pond water was less than one egg per litre (Keraita et 
al., 2008a). However, farmers in Ghana have to irrigate continuously due to high 
temperatures and use the dugouts regularly in the morning and afternoon on most 
sunny days without rain, thereby disturbing the water continuously. This could be 
avoided with a set of (‘Chinese three-tank’) dugouts as described above. Another 
option is the use of a wooden log across the pond to avoid entering the water 
(Figure 10.5). Water can also be fetched with a watering can connected to a rope, 
removing the need to step into the pond or stream (Figure 10.6). Deeper pond 
designs prevent the watering can from touching the sediment layer during water 
fetching (Drechsel et al., 2008). Investment costs are limited to labour (especially 
if a Chinese three-tank system is used) and the required behaviour-change during 
water fetching. 
Water from irrigation channels along the Musi River in India is pumped onto 
ﬁelds. The foot valve apparatus at the inlet pipe is usually heavy, which helps to 
keep the pipe in place under water. In many instances the pipe touches the sludge 
layer in the canal and sediments are sucked in, increasing the risk of metal and 
helminth egg contamination. U-shaped pump ends (Figure 10.7) could reduce 
this threat (Luque Ruiz, 2009). 
Figure 10.4  Weir in the Musi river, downstream of Hyderabad,  
Andhra Pradesh, IndiaFARM-BASED MEASURES FOR MICROBIOLOGICAL RISKS  197
Figure 10.5  Farmer standing on a wooden log while fetching water from  
a small dugout pond (Kumasi, Ghana)
Figure 10.6  Farmer fetching water with a can on a rope from a wastewater stream 
(Ouagadougou, Burkina Faso)198  MINIMIZING HEALTH RISKS
Irrigation methods
With regard to reducing crop contamination, good irrigation methods should 
minimize contact between the edible parts of the plant and contaminated irrigation 
water. Overhead irrigation methods such as sprinkler irrigation and watering 
cans have the highest potential to transfer pathogens to leafy vegetables as water 
is applied on edible parts and due to the wider movement of pathogens through 
aerosols (Pescod, 1992). Flood and furrow irrigation methods apply water on the 
surface and are less likely to contaminate high growing crops; but for low-lying 
crops and root crops contamination is still high. Localized techniques, such as 
drip irrigation, have minimal pathogen transfer to crop surfaces because water is 
directly applied to the roots (Pescod, 1992). 
Several studies have been conducted on the effects of sprinkler, drip (both 
surface and subsurface) and furrow irrigation on crop contamination (Armon et 
al., 2002; Bastos and Mara, 1995; El Hamouri et al., 1996; Oron et al., 2001; 
Solomon et al., 2002). The studies show that drip irrigation results in comparatively 
lower contamination on crops than furrow and sprinkler irrigation. However, drip 
kits, as promoted in developed countries, are very expensive and prone to clogging 
as polluted water usually has high turbidity levels (Capra and Scicolone, 2007; 
Martijn and Redwood, 2005). Nevertheless, low-cost drip irrigation techniques 
like bucket drip kits (Figure 10.8) (sacks can also be used) have shown a high 
potential for use and adoption in low-income countries (Kay, 2001). Similar to 
more sophisticated kits, the low-cost types promoted, for example, by International 
Development Enterprises (IDE) in India can be tailored to local vegetable-bed 
Figure 10.7  Lifting pumps inﬂow valves out of the sediment of irrigation channels 
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sizes. Studies done in Ghana using bucket drip kits showed higher reduction in 
contamination (up to 6 log units) especially during the dry season (Keraita et al., 
2007b) as compared to the often cited 2–4 log units (WHO, 2006).
There are hardly any documented studies on traditional or modiﬁed traditional 
irrigation methods involving watering cans, buckets, subsurface clay pods or 
calabashes in relation to crop contamination. Studies in Ghana showed a great 
potential in reducing vegetable contamination by modifying the handling of 
watering cans to reduce splashing of contaminated soils on to the crops. Using 
a watering can with an outﬂow rose (a cap with holes in) and watering from a 
height <0.5m (Figure 10.9) reduced thermotolerant coliforms by 2.5 log units and 
helminths by 2.3 eggs per 100g of lettuce compared with using a watering can 
with no end cap, from a height >1m (Keraita et al., 2007a). The required changes 
are of very low cost, but further studies are needed to verify the effectiveness on 
different types of soil and crop cover.
Scheduling of water application
Timing of irrigation, including frequency, is not only important for pathogen 
reduction but also for reducing salinity. One of the most widely documented ﬁeld 
water-management measures to reduce pathogens is cessation of irrigation, in 
which irrigation is stopped a few days before crops are harvested. This results in 
Figure 10.8  Simple drip irrigation kit made in India and tested in Ghana for 
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exposure to conditions that are unfavourable to pathogen growth including heat, 
desiccation and sunlight (Shuval et al., 1986). Studies have provided some ranges 
of potential survival times for pathogens on crops, soils and water in temperate 
and tropical climates (see Table 12.2, Chapter 12), along with identifying how 
environmental conditions inﬂuence pathogen survival (Feachem et al., 1983; 
Shuval et al., 1986; Yates et al., 1987). In short, pathogen inactivation on crops is 
more rapid in hot, sunny weather than in cool, cloudy or rainy conditions. 
WHO (2006) gives a pathogen die-off range of between 0.5 and 2 log units 
per day between ﬁnal irrigation to consumption, while Fattal et al. (2004) use 3 
log units in their risk-assessment models. In another study, it was revealed that 
when trickling ﬁlter efﬂuent with 106 thermotolerant coliforms per 100ml was 
used to spray-irrigate lettuces, initial concentrations of indicator bacteria exceeded 
105 thermotolerant coliforms per 100g fresh weight. Once irrigation ceased, no 
Salmonella could be detected after ﬁve days, and the levels of thermotolerant 
coliforms after 7–12 days were comparable to those detected on lettuces irrigated 
Figure 10.9  Holding the watering can at low height and using an outﬂow rose 
reduces splashing of already contaminated soil on the crop (Kumasi, Ghana)FARM-BASED MEASURES FOR MICROBIOLOGICAL RISKS  201
with freshwater (Vaz da Costa-Vargas et al., 1996). In Ghana, studies from ﬁeld trials 
showed an average daily reduction of 0.65 log units of thermotolerant coliforms 
on lettuce (Keraita et al., 2007a). However, they also showed that cessation in hot 
climates has correspondingly high yield losses (1.4 tons/ha of fresh weight) that 
may make it harder for farmers to adopt the method. Indeed, in Accra or Kumasi, 
farmers irrigate lettuce preferably twice a day, while in the cooler Addis Ababa 
lettuce is irrigated thrice a week, which offers greater possibility for die-off.
Enforcement of irrigation cessation in hot climates has raised reservations that 
some crops, especially leafy vegetables and salad crops, will lose their freshness and 
thereby their market value (Vaz da Costa-Vargas et al., 1996). It has been suggested 
that irrigation cessation should be used for fodder crops that do not have to be 
harvested at the peak of their freshness (Blumenthal et al., 2000). As much as 99 per 
cent elimination of detectable viruses has been reported after two days’ exposure to 
sunlight, supporting regulations of a suitable time interval between irrigation and 
crop-handling or grazing time (Feigin et al., 1991). Enforcement can be difﬁcult 
especially where vegetable farming is an informal activity and not regulated, as 
is the case in many low-income countries. In addition, in countries like Ghana, 
where farmers do not market the vegetables they produce but wait for vegetable 
traders to visit their ﬁelds and select the crops they like, special arrangements will 
have to be made with the traders for successful timing of the measure (Keraita et 
al., 2007a). 
CROP SELECTION
Some crops are more prone to contamination from pathogens than others. For 
example, crops with their edible parts more exposed to contaminated soils and 
irrigation water like low-growing leafy vegetables or root crops (e.g. carrots) will 
be more prone to pathogen contamination. The WHO, in its Guidelines for safe 
use of wastewater in agriculture, advises crop restrictions, especially for crops eaten 
raw (WHO, 2006). However, a shift in the type of crops planted is only feasible if 
the market value of the alternative crops is similar. Crop restrictions can be hard to 
implement if necessary conditions such as law enforcement, market pressure and 
demand for cleaner vegetables are not in place. So while there have been successful 
crop-restriction schemes in India, Mexico, Peru and Chile (Blumenthal et al., 2000; 
Buechler and Devi, 2003), this has not been possible in other countries where 
wastewater irrigation is informal, such as in sub-Saharan Africa. 
ALTERNATIVE FARMLAND AND/OR SAFER IRRIGATION WATER
Wastewater use could be reduced if authorities have the possibility to provide 
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polluted. In Accra, Ghana, for example, groundwater was found at a convenient 
depth for treadle pumps, but the water was saline due to salt intrusion from the 
sea. In other cities, the groundwater level was in many sites too deep (more than 
15m) to make borehole drilling an economic option for farmers. However, Ghana’s 
Ministry of Food and Agriculture extended their national initiative to support 
small-scale irrigation and started borehole drilling on several urban farming sites. 
This risk-mitigation strategy was apparently successful in Benin where the city 
authorities of Cotonou and Seme-Kpodji and various national ministries agreed 
to allocate about 400ha of alternative farmland to urban farmers. The new site has 
shallow non-saline groundwater, which can easily be lifted by treadle pump for all-
season irrigation. About 1000 farmers declared their interest to move to this peri-
urban site despite its distance from the urban markets (Drechsel et al., 2006).
ENHANCING ADOPTION OF RISK-REDUCTION MEASURES 
Many initiatives to address wastewater irrigation-related health risks in low-
income countries remain at the risk-assessment level or pilot stage. To have the 
desired impact, recommended measures have to be integrated into routine farming 
practice. In this section, practical experience of some approaches is shared, drawing 
on several interlinked ‘wastewater projects’ conducted in Ghana between 2004 and 
2009. The projects were supported by the Knowledge Sharing in Research project 
of the Consultative Group on International Agricultural Research (CGIAR). More 
details and lessons can be found in Chapters 16 and 17. 
Innovative knowledge sharing
The project in Ghana encouraged and facilitated knowledge exchanges among 
farmers as well as between farmers and scientists. Research ﬁndings were synthesized 
according to the expressed wishes of the extension service to make them as user-
friendly as possible. The materials illustrated safer irrigation practices and were 
translated into different regional languages. They included training media (radio 
and video) for extension ofﬁces and farmers as well as illustrated ﬂip-charts/posters. 
In addition, the project prepared modules for farmer ﬁeld schools, to actually 
demonstrate best practices. The module preparation was supported by the Food and 
Agriculture Organization (FAO) and involved farmers’ representatives, extension 
ofﬁcers from the Ministry of Food and Agriculture and communication experts. To 
enhance communication along the farm to fork pathway, all key stakeholders took 
part in so-called ‘road shows’, allowing them to follow the crops from the farm to 
the kitchen to observe and discuss sources of risks and options for risk reduction, 
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Involving authorities
Equally important is to involve local authorities and relevant government ministries 
from the initial stages. In Ghana, the project involved local authorities, the Ministry 
of Food and Agriculture, the private sector interested in food safety and other 
relevant agencies such as food-safety regulators. Some of them were involved as 
research partners, others coordinated training events which incorporated project 
results, and others were kept updated through policy briefs and participation 
in project meetings. The latter applies in particular to those agencies setting 
policies and regulations for wastewater reuse, and aids the institutionalization of 
safe practices. They also have a mandate to offer extension services to farmers. 
Dissemination of safe practices developed during the project will be done by 
the extension ofﬁcials from the Ministry of Food and Agriculture. The target is 
to incorporate safer irrigation practices in the ministries’ extension and training 
curricula. 
Linking with other projects
Waste reuse projects should also be linked to other relevant projects or government 
projects with common goals. These could include government poverty-reduction 
programmes for the urban poor, initiatives for urban food security, nutritional 
programmes that emphasize consumption of green vegetables, health programmes 
and ongoing policy revisions. In Ghana, the project results inﬂuenced the Irrigation 
Policy launched in 2008 and the currently ongoing agricultural byelaw revision in 
the capital city, Accra. As wastewater use is just one of the routes by which excreta-
related diseases are transmitted in poor communities, improved irrigation practices 
might not have much effect on the occurrence of intestinal infections when 
sanitation or hygiene remains unimproved. In such situations, linking vegetable-
washing with a handwashing campaign might be very cost-effective. 
Incentives
To enhance adoption of safer practices in waste reuse, farmers will need some form 
of incentive. This applies to most forms of behaviour-change, but in particular to 
situations where recommended practices involve increased inputs, such as personal 
labour. Studies have shown that people are more likely to adopt innovations if 
they get direct beneﬁts for themselves rather than for the general population 
(Frewer et al., 1998). On this basis, incentives are even more important as the 
main beneﬁciaries are not the farmers but the consumers of their produce (exotic 
vegetables produced are for sale, not for farm household consumption). The most 
obvious incentive for farmers to adopt safe practices would be higher economic 
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could be encouraged to sell their products outside the existing marketing channels 
to avoid mixing-up safe and unsafe produce. This could be done by linking 
farmers directly to large unit consumers like hotels and designated selling-points 
of safe produce in markets and supermarkets or hotels. Other incentives could be 
institutional support from government institutions like the provision of extension 
services for training farmers, loans, awards and land-tenure security. Certiﬁcation 
standards and labelling could be steps in the medium term. The media should 
be partners in these efforts to promote good practices and recognize progressive 
farmers. More details are presented in Chapter 16.
CONCLUSIONS
Farm-based measures can contribute to the reduction of health risks deriving for 
consumers from irrigated agriculture. These measures should play a complementary 
role to wastewater treatment and other post-harvest measures to comprehensively 
reduce risks associated with wastewater irrigation. Unfortunately, farm-based 
measures have not yet received the needed attention in research, perhaps due to 
the traditional focus on conventional wastewater treatment as the best solution for 
health protection. Although many principles of wastewater treatment could also 
be applied on farm, ﬁeld-testing of these measures is scarce and their potential to 
reduce health risks is relatively unknown or not yet fully proven. There is an urgent 
need for scientists to work with farmers to adapt the technologies and improve 
their efﬁciency in pathogen removal. 
Assessments to provide evidence for health-risk reduction are also needed. 
These are particularly important and urgent in high-risk areas like urban vegetable 
farming in developing countries where farmers often have no other choice than 
using untreated wastewater for irrigation. A key challenge for the adoption of 
farm-based measures is that they require behaviour-change without obvious and 
direct beneﬁt. This requires incentive systems which can range from supporting 
market demand to social marketing. It also requires that farmers are equipped 
with knowledge on health risks and can rely on institutional support, like from 
the extension service. 
The options of farm-based measures for health-risk reduction presented here 
are biased to experiences gained in West Africa. There, watering cans are extensively 
used in urban vegetable production while in other regions, such as Eastern Africa, 
topography favours gravity-ﬂow and furrow or ﬂood irrigation systems. Which 
measures ﬁt (alone or in combination) a particular situation, will depend on local 
site characteristics and practices. Further studies are required to address other 
smallholder irrigation systems and crops to develop new measures or adapt the 
ones presented here.FARM-BASED MEASURES FOR MICROBIOLOGICAL RISKS  205
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Farm-Based Measures for Reducing 
Human and Environmental Health 
Risks from Chemical Constituents 
in Wastewater
Robert Simmons, Manzoor Qadir and Pay Drechsel
ABSTRACT
There is a signiﬁcant imbalance between the number of publications describing 
potential and actual environmental and health impacts from chemically 
contaminated wastewater, and reports outlining concrete options to minimize the 
related risks where conventional wastewater treatment is not available. This gap 
applies more to inorganic and organic contaminants than excess salts or nutrients. 
This chapter outlines some of the options available that could be considered in 
and around the farm, looking at heavy metals, salts, excess nutrients and organic 
contaminants. The emphasis is placed on low-cost options applicable in developing 
countries. While such measures can reduce negative impacts to a certain extent, 
it remains crucial to ensure that hazardous chemicals are replaced in production 
processes; industrial wastewater is treated at source and/or separated from other 
wastewater streams used for irrigation purposes; and fertilizer application rates and 
related possible subsidies adjusted to avoid over-fertilization. 210  MINIMIZING HEALTH RISKS
INTRODUCTION
Where irrigation with untreated, partly treated or diluted wastewater cannot be 
avoided or is otherwise common, negative impacts on irrigated crops, soils and 
groundwater that can affect human and environmental health are likely (Ayers and 
Westcot, 1985; Murtaza et al., 2009; Pescod, 1992; Pettygrove and Asano, 1985; 
WHO, 2006b). Several chapters in this book focus on pathogenic threats, related 
risk assessments and risk mitigation. This chapter has its focus on non-pathogenic 
contaminants. As outlined in Chapter 6, aside from organic chemicals, debris and 
solutes, non-pathogenic components of polluted irrigation water can comprise a 
range of elements that can be essential plant nutrients, undesirable salts or metals 
and metalloids in toxic concentrations, depending on their concentration and 
solubility. 
The high concentrations of chemical constituents that need to be addressed 
in wastewater-irrigated environments can be roughly divided into:
•  metals and metalloids, such as cadmium (Cd), chromium (Cr), cobalt (Co), 
molybdenum (Mo), nickel (Ni), zinc (Zn), lead (Pb), arsenic (As), selenium 
(Se), mercury (Hg), copper (Cu) and manganese (Mn), among others;
•  nutrients such as nitrogen (N), phosphorous (P), potassium (K), calcium (C) 
and magnesium (Mg), which in high concentrations might suppress other 
nutrients and/or affect plant growth and aquatic life;
•  salts and speciﬁc ionic species such as sodium (Na), boron (B) and chloride 
(Cl);
•  persistent organic pollutants (POPs), such as pesticides as well as so-called 
emerging contaminants, like residual pharmaceuticals, endocrine disruptor 
compounds and active residues of personal care products. 
To avoid potential negative impacts, conventional wastewater-treatment options, 
which can control the release of most of these contaminants into the environ-
ment, remain the key to protecting water quality for beneﬁcial uses including 
agriculture. 
In theory, it could be expected that, with increasing economic development 
and industrialization, treatment standards, regulations and capacities grow 
concomitantly, allowing a society at each development stage to deal with its own 
waste. However, there are many development pathways, and growth in each sector 
of the economy does not always run in parallel. The so-called emerging economies 
or markets are a good example of this process. China, India, Pakistan and Mexico 
are some of the largest countries in this group, but they are also those most often 
cited for large-scale industrial water pollution and irrigation with highly polluted 
water (Jiménez and Asano, 2008). Many other low-income countries show, at a 
smaller scale, similar challenges of emerging industrial sectors or mining activities 
while institutional, technical and/or regulatory capacities for wastewater treatment FARM-BASED MEASURES FOR CHEMICAL RISKS  211
are not yet in place. The result is a situation in which not only microbiological 
contaminants, but also industrial efﬂuent, pose a threat to farmers and consumers 
of wastewater-irrigated food. The related possible environmental and health 
impacts are described in a range of papers (Abaidoo et al., 2009; Hamilton et al., 
2007; Stevens and McLaughlin, 2006) but they are usually brief in answering what 
could be done where appropriate conventional treatment facilities are missing. This 
chapter tries to address the gap by outlining some options for non-pathogenic 
contaminants including salts. 
METALS AND METALLOIDS
All of the potentially toxic metals are naturally present in the environment in trace 
amounts and are ingested with food, water and air. Human bodies have the ability 
to deal with these background levels. The World Health Organization (WHO) has 
established guidelines on allowable consumption of various toxins (WHO, 2006a) 
and guidance values in irrigation water (WHO, 2006b). Several of these metals 
and metalloids are of particular concern due to their adverse effects on agricultural 
productivity as well as environmental and human health. In a review of wastewater 
use in the Australian horticultural production industry, Hamilton et al. (2005) 
classiﬁed potentially phytotoxic metals in wastewater into four groups based on 
their retention in soil, translocation in plants, phytotoxicity and potential risk to 
the food chain (Table 11.1). They categorized Cd, Co, Se and Mo as posing the 
greatest risk to human and animal health because they may accumulate in crops 
without damaging them. Indeed, the visible symptoms of toxicity vary from plant 
to plant, even if they contain elevated concentrations of toxic metals and metalloids 
(Clemens, 2001). The recent the guidelines of the WHO also consider Cd to be 
of particular concern because of both high levels of toxicity and bioaccumulation 
in crops (WHO, 2006b).
Metals such as Cd, Hg and Pb do not have any essential function but they 
are detrimental, even in small quantities, to plants, animals and humans, and 
accumulate because of their long biological half-life (Goethberg et al., 2002). Other 
metals and metalloids, such as Mn, Zn, B and Cu are essential micronutrients in 
small concentrations, but harmful to crops in higher concentrations. Some, such as 
Cu and Zn, become toxic to plants before they reach high enough concentrations 
to be toxic to humans, thus plants function here as a barrier mitigating potential 
health risks (Hamilton et al., 2005; Johnson, 2006). 
Although wastewater treatment is the best choice in managing wastewater in 
agriculture, the costs involved in engineering-based technologies for wastewater 
treatment are prohibitively high for most developing countries. Even where 
wastewater treatment plants are externally funded, they usually only treat a small 
fraction of the wastewater produced and, depending on their type, can face 
signiﬁcant maintenance problems. However, some farm-based measures and low-212  MINIMIZING HEALTH RISKS
cost treatment options can reduce the risk to the environment and human health 
(WHO, 2006b). 
The key steps to follow are: 
•  identifying which geographical areas have elevated risk based on consideration 
of potential metal sources;
•  quality-assured testing of soil and plant samples to verify the level of risk;
•  identifying alternative varieties of the same desired crop that take up the least 
metal or convert the toxin to less toxic forms when grown in high-risk areas;
•  developing irrigation, fertilization and residue management strategies that help 
to minimize metal uptake by plants;
•  recommending cultivation of other crops with lower health risk (crop restric-
tions) if the measures mentioned above fail to safeguard humans;
•  zoning affected areas for non-agricultural land use or land rehabilitation.
Most knowledge refers to the last option and industrially contaminated sites in 
developed countries where the affected land has a high value and costs of remedi-
ation are met by the state or by the polluter. In these cases, in situ and ex situ 
engineering options are applied (Table 11.2). 
However, within the economic constraints of developing countries and in terms 
of farm-based strategies aimed at addressing wastewater-induced contamination of 
metal/metalloids, viable risk-reduction options can be categorized as: 
Table 11.1  Metal bio-availability grouping
Group Metal Soil adsorption Phytotoxicity Food chain risk
1 Ag, Cr, Sn, 




Low Little risk because they 
are not taken up to any 
extent by plants
2 As, Hg and 
Pb
Strongly 
sorbed by soil 
colloids
Plant roots may adsorb 
them but not translocate 
to shoots; generally not 
phytotoxic except at very 
high concentrations
Pose minimal risks to 
the human food chain
3 B, Cu, Mn, 
Mo, Ni and 
Zn
Less strongly 
sorbed by soil 
than Groups 
1 & 2
Readily taken up by 
plants and phytotoxic at 
concentrations that pose 
little risk to human health
Conceptually the 
‘soil–plant barrier’ 
protects the food chain 
from these elements
4 Cd, Co, Mo 
and Se
Least of all 
metals
Pose human and/or animal 
health risks at plant tissue 
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•  Soil-based treatment with non-toxic amendments to form insoluble complexes 
of metals and metalloids, rendering their availability at low concentrations in 
the root zone. 
•  Plant-based strategies for soils and waters contaminated with metals and metal-
loids through the cultivation of speciﬁc plant species capable of accumulating 
target ionic species in their shoots, thereby removing them from the soil 
or water. These mechanisms include phytoremediation (including hyper-
accumulation and phytomining), chelate-enhanced phytoextraction and the 
use of transgenic crops.
Soil-based treatment 
Hamilton et al. (2007) describe increasing total heavy metal concentrations in soils 
irrigated with sewage for up to a century. The authors also found that potentially 
bio-available forms of the metals have increased. However, the authors also report 
that plant tissue showed relatively low concentrations as the metals were strongly 
absorbed in the soil. Steering the processes that limit the solubility and plant 
availability of heavy metals and metalloids in soils is possible, e.g. through the use of 
soil amendments including gypsum, lime (CaCO3), phosphate materials, hydrous 
Fe and Mn oxides, clay minerals and organic matter (Table 11.3). 
These amendments have been shown to immobilize metals and metalloids 
through:
•  formation of insoluble metal phosphate minerals;
•  sorption of contaminants on Fe and Mn oxide surface-exchange sites, 
co-precipitation – formation of contaminant Fe and Mn compounds;
•  sorption of contaminants on exchange sites of organic materials including 
manures, composts and sludges;
Table 11.2  In situ and ex situ engineering options adopted for remediated  
metal/metalloid contaminated soils
Element Method/Treatment/Amendment References
Cd, Zn, As, 
Ti, Pb, Cu, Cr
Removal and replacement of contaminated soil Iimura (1981)
Containment: caps, vertical barriers, etc.  USEPA (1997)
Solidiﬁcation/stabilization: cement-based,
polymer-microencapsulation, vitriﬁcation





Electrokinetics Virkutyte et al. (2002)
Cd, Mn, Ti, Cr Microwave immobilization Abramovitch et al. (2003)
Cd, Cu, Pb, 
Zn
Suphidization pre-treatment and Denver 
ﬂoatation
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•  sorption of contaminants on mineral surface-exchange sites or incorporation into 
the mineral structure of zeolites, natural aluminosilicates and aluminosilicate 
by-products.
The aforementioned amendments form insoluble complexes of metals and 
metalloids, reducing their availability at low concentrations in the root zone and 
reducing their assimilation by plants (Hussain, 2000; Zhu and Alva, 1993). 
Although soil-based management via addition of amendments to immobilize 
metals/metalloids offers great opportunity to minimize element bio-availability, 
practical limitations must be considered. These include the management of sites 
co-contaminated with several elements; cost and availability of amendments; cost 
Table 11.3  Soil amendments utilized for the in situ immobilization of  
metals and metalloids
Element Method/Treatment/Amendment References
Pb Hydroxyapatite (HA) Chlopecka and Adriano (1997);  
Zhu et al. (2004)
Cd Alkaline biosolids, lime-stabilized 
biosolids
Basta et al. (2001); Wong et al. (2004)
Cd/Zn Sepiolite Alvarez-Ayuso and García-Sánchez 
(2003)
Ti, Zn, Cd, Mn, 
Pb, Hg and Co
Zeolite (natural and synthetic) Chlopecka and Adriano (1997); 
García-Sánchez et al. (1999); 
Haidouti (1997); Malliou et al. (1994); 
Oste et al. (2002)
Pb Phosphoric acid (H3PO4) and 
calcium dihydrogen phosphate 
(Ca(H2PO4)2)
Brown et al. (2004); Chen et al. 
(2003); Melamed et al. (2003)
Cd and Pb Iron oxide waste by-product Chlopecka and Adriano (1997)
Cd, Pb and Zn Di-ammonium phosphate (DAP) McGowen et al. (2001)
Pb Phosphate rock Basta et al. (2001); Hettiarachchi et 
al. (2001)
Pb, Cd, Zn Triple super phosphate (TSP) Hettiarachchi et al. (2001); 
Hettiarachchi and Pierzynski (2002)
Cd, Pb and Zn Phosphate clay  Singh et al. (2001)
Pb Mn oxide Hettiarachchi and Pierzynski (2002)




Organic amendments  Bolan et al. (2003)
Ni Limestone  Kukier and Chaney (2001)
As Simultaneous addition of lime and 
FeSO4
Warren et al. (2003); Warren and 
Alloway (2003)
As Goethite Garcia-Sànchez et al. (1999)
As Water treatment sludges and red 
mud 
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of long-term monitoring programmes; and suitability to particular soil and climatic 
conditions. Care should also be taken in the post-management phase, particularly 
if the site is exposed to acidic water (low pH) which may transform insoluble 
complexes into soluble forms. 
Plant-based treatments 
Soils contaminated with metals and metalloids can be improved through the use 
of certain plant species. This approach is broadly known as phytoremediation 
(Chaney et al., 2007; Cunningham et al., 1995; Salt et al., 1996). As an important 
category of phytoremediation, phytoextraction involves the use of pollutant-
scavenging plants to absorb and concentrate metals and metalloids from the soil 
into above-ground biomass, which may be harvested to remove the elements from 
the ﬁeld (Table 11.4) . Plants able to accumulate high concentrations of metals are 
known as hyperaccumulators (Box 11.1). 
BOX 11.1 HYPERACCUMULATORS 
Three internationally recognized hyperaccumulator deﬁnitions are used to describe the 
efﬁciency of phytoextraction for a given metal or metalloid, namely: 
•  Translocation Factor;
•  Extraction Coefﬁcient;
•  Bioaccumulation Factor. 
The Translocation Factor or shoot/root quotient is deﬁned as the ratio of a given heavy 
metal in plant shoots as compared with that in the plant root. A Translocation Factor 
>1.0 indicates preferential partitioning of metals to the shoot (Baker and Whiting, 
2002; Branquinho et al., 2007; González and González-Chávez, 2006). The Extraction 
Coefﬁcient has been described as the heavy metal concentration in the shoot divided 
by the (total) heavy metal concentration in soil and can be used to evaluate the ability 
of a plant to accumulate a heavy metal (Branquinho et al., 2007; Chen et al., 2004). 
Finally, the Bioaccumulation Factor is deﬁned as the ratio of metal concentration in 
plant shoots to the extractable concentration of metal in the soil and is used for the 
quantitative expression of accumulation (Branquinho et al., 2007; Derem et al., 2006).
The concentrations of metals accumulated in hyperaccumulator plants may be 100 
times greater than those occurring in non-accumulator plants growing on the same 
substrates (Chaney et al., 2007). Currently, there are more than 400 plant species 
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Because the costs of growing a phytoremediation crop are minimal as compared 
to those of soil removal and replacement, the use of plants to remediate hazardous 
soils is seen as having great promise (Chaney et al., 2007). This is particularly 
pertinent for elements that may provide economic phytomining potential (Ni, 
Co, Ti and Au). Following harvest of the metal-enriched plants, their weight and 
volume can be reduced by burning the dried biomass which results in a high-grade 
‘metal ore’.
Chelate-enhanced phytoextraction utilizing ethylenediaminetetraacetic acid 
(EDTA) and high biomass producing plant species such as Brassica juncea (L.) 
Czern (Indian mustard) has also been investigated (Kumar et al., 1995). However, 
an observed drawback was the equally enhanced leaching of Pb down the soil 
proﬁle (Greman et al., 2003; Madrid et al., 2003; Römkens et al., 2001; Wu et 
al., 2004). 
In addition to phytoextraction, phytoremediation can also be achieved 
through reduction in the bio-availability of metals in the soil (phytostabilization), 
volatilization of pollutants such as Hg and Se from the foliage (phytovolatilization) 
and removal of contaminants by plant roots from ﬂowing water (rhizoﬁltration) 
(Pilon-Smits, 2005). Rhizoﬁltration is particularly effective in applications where 
low metal concentrations and large volumes of water are involved (Salt et al., 
1996). 
However, phytoremediation has certain limitations which need to be addressed 
in general and on a site- and contaminant-speciﬁc basis. These include: 
Table 11.4  Selected case studies on phytoremediation
Element Plant Species Reference
As Pteris vittata L. and Pityrogramma 
calomelanos
Francesconi et al. (2002); Tu and Ma (2002);  
Wongkongkatep et al. (2003); Zhang et al. 
(2002)
Cd/Zn Thlaspi caerulescens Brown et al. (1994, 1995a, 1995b); Lombi et 
al. (2001); Schwartz et al. (2003) 
Ni Alyssum murale, Phyllanthus 
serpentinus, Berkheya coddii
Abou-Shanab et al. (2003); Chaney et al. 
(2007); Kersten et al. (1979); Robinson et al. 
(1999)
Se Astragalus racemosus Parker et al. (1991)
Mn Alyxia rubricaulis, Phytolacca 
acinosa Roxb.
Brooks et al. (1981); Xue et al. (2004)
Ti Biscutella laevigata, Iberis 
intermedia
Anderson et al. (1999) 
Cu Aelanthus biformifolius, 
Haumaniastrum katangense
Brooks (1977); Brooks et al. (1978)
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•  Phytoextraction of metals and metalloids may take years/decades which limits 
its practical applicability.
•  It is restricted to sites where the concentration of the contaminants (or co-
contaminants) are not toxic to the plants proposed for phytoremediation.
•  A speciﬁc phytoremediation ‘prescription’ cannot be applied to every site with 
a certain chemical contaminant because different site-speciﬁc conditions may 
not be suitable for the target plant. 
•  In situ phytoremediation is often restricted to sites conducive to growth of the 
selected plant with the contaminant located within the root zone. 
•  It is limited by bio-availability of pollutants, only a fraction of which may be 
bio-available but regulatory clean-up standards require that all the pollutant is 
removed. In this scenario phytoremediation may not be applicable.
Crop choice and crop restriction 
As described above, crops vary in their absorption behaviour and thus risk potential 
for humans. In addition, some crops are consumed in larger quantities than others 
and some are only used as fodder plants and might not enter the human food chain. 
Thus, crop selection can contribute to decreasing human health risks. For example, 
in the case of irrigation with untreated wastewater, leafy vegetables accumulate 
certain metals such as Cd in greater amounts than non-leafy species (Qadir et al., 
2000). Bellows (1999) gives as a rule of thumb a heavy metal absorption ratio 
of 1:10 for fruits and seeds versus leaves and roots. This favours cereals, legumes 
like beans and peas, tomatoes or fruits over vegetables such as lettuce, cauliﬂower, 
carrots or spinach. However, consideration must be given to the quantities of e. g. 
rice or leafy vegetables actually consumed, and hence contribution to dietary intake 
of the metal or metalloid, before farmers are challenged to change their cropping 
pattern. There is a strong relationship between the long term consumption of 
Cd-contaminated rice and human Cd disease (Kobayashi et al., 2002; Nordberg, 
2003).
A shift in crop choice is only feasible and sustainable if there is a market and 
comparative market value for the alternative crop, unless subsidies are provided. 
Changed cropping practices might also require additional training and different 
tools, or even long-term tenure security if, for example, tree crops are recommended. 
Crop restrictions can therefore be hard to implement if necessary conditions are 
not in place. There are, however, examples of successful or partly successful 
implementation of crop restriction in wastewater use schemes in several countries 
such as India, Mexico, Peru, Chile, Jordan and Syria (Blumenthal et al., 2000; 
Qadir et al., 2007b). However, the probability of success appears much lower in 
sub-Saharan Africa and other countries where wastewater irrigation is not conﬁned 
to (regulated) irrigation schemes but takes place along polluted streams and thus 
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Zoning
Where there are no further options to maintain the farm, the affected areas might 
have to be mapped and taken out of production. Simmons et al. (2009) developed 
a General Linear Regression Model to predict the spatial distribution of soil Cd 
in a Cd/Zn co-contaminated cascading irrigated rice-based system in Thailand. 
Preliminary validation indicated that the model can predict soil Cd based on 
minimal soil sampling and the ﬁeld’s proximity to primary outlets from in-ﬁeld 
irrigation channels and subsequent inter-ﬁeld irrigation ﬂows. Previous research 
(Simmons et al., 2005) and subsequent health studies conﬁrming Cd-induced renal 
dysfunction in the exposed population (Swaddiwudhipong et al., 2007; Teeyakasem 
et al., 2007) also demonstrated the validity of assessing health risks through 
monitoring Cd intake via dietary exposed pathways in comparison to the Joint 
FAO/WHO Expert Committee on Food Additives (JECFA) Provisional Tolerable 
Weekly Intake values established for Cd. While Cd is of high risk, as stated above, 
soil sampling alone might not be a sufﬁcient indicator of the actual health risk. 
This is reiterated in the example of arsenic (Box 11.2). However, zoning and taking 
contaminated areas out of food production should be accompanied by adequate 
compensation for farmers /landowners or alternative income-generating livelihood 
opportunities, associated with training and assured markets or subsidies.
BOX 11.2 THE CASE OF ARSENIC
Sources of arsenic contamination in rice ﬁelds include geologic soil materials that are 
naturally high in arsenic; irrigation with contaminated groundwater; residual arsenical 
pesticides; or application of poultry manure from chickens treated with arsenical 
antiparasite food additives. In Bangladesh, which has widespread geologic arsenic 
contamination, the many documented cases of arsenic poisoning have been caused 
by consumption of contaminated drinking water, not food, although arsenic is of more 
concern in rice than in other grain crops because ﬂooded soil conditions make arsenate, 
which mimics the plant nutrient phosphate, more available to plants. However, far 
more arsenic accumulates in leaves than in grain and, according to Johnson (2006), 
experiments have so far failed to measure arsenic concentrations above published safe 
limits in rice grain, even in very contaminated soil. This situation may have changed. 
Williams et al. (2006) predicted that a daily consumption of rice in Bangladesh with a 
common total arsenic level of 0.08µg As g-1 is similar to a drinking-water intake with 
the allowed arsenic concentration of 10µg per litre. Meharg et al. (2008) reported that 
inorganic arsenic is in particular elevated in the bran layer of unpolished (brown) rice 
and less in white rice. According to FAO, planting rice in raised beds around 15cm 
above the ground and not in conventional ﬂooded ﬁelds counteracted yield losses 
and resulted in lower arsenic levels in crops and in the soil, as a pilot ﬁeld study in 
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NUTRIENTS IN EXCESS
Wastewater usually contains valuable plant nutrients, such as N, P and K. 
Depending on whether raw or diluted wastewater is used, the concentrations of 
the nutrients can vary signiﬁcantly and might reach levels that can replace fertilizers 
or are in excess of crop needs and, if biased to certain nutrients, might affect others. 
Although availability of these nutrients is considered to be a driving force for 
wastewater irrigation in some developing countries, managing appropriate levels 
of nutrients in wastewater is a challenging task. Related studies usually encounter 
a variety of challenges which reduce the management options for farmers. 
In general, nutrients in irrigation water are immediately available to the crop, 
as long as they remain dissolved in the water and soil solution, but may be rendered 
less available by several soil processes. Some processes result in permanent loss 
(leaching, volatilization and erosion) and others in nutrient accumulation in the 
soil (microbiological immobilization, adsorption and precipitation). Hence the 
proportions of nutrients taken up by plants are different from the proportions 
of nutrients applied via wastewater (or fertilizers). Because soils and wastewater 
seldom contain nutrients in optimum ratios, guidelines are needed to optimize 
wastewater irrigation. A related concept has been presented by Janssen et al. (2005). 
It requires, however, information on nutrient levels in water, soils and plants, 
which may not be readily available to resource-poor wastewater farmers or relevant 
government departments unless obtained through site-speciﬁc ﬁeld trials. 
To avoid excessive or unbalanced additions of particular nutrients to wastewater-
irrigated soils and crops, farmers can select crops which are less sensitive to high 
nutrient levels or which can take advantage of high amounts of P and N. Higher 
N-levels are thus more welcome in farms specializing in leafy vegetables than 
grains. In addition, fodder grass is well suited to wastewater-irrigation and acts as a 
scavenger for N and P applied via wastewater. Reduction efﬁciencies of 84 per cent 
for N and 54 per cent for P have been reported from wastewater irrigated pastures 
in Zimbabwe (Nhapi et al., 2002). However, land- and soil-based options depend 
not only on the type of crop but also local soil and site conditions. Medium- to 
ﬁne-textured soils, for example, may hold more nutrients than sandy soils, thereby 
releasing lower quantities in the water percolating through the soil and adding to 
the groundwater. Groundwater-quality monitoring is required where groundwater 
is shallow and used for drinking purposes. 
Where farmers do not have the option to grow crops which beneﬁt from 
high N or P levels, the irrigation water might ﬁrst pass through other systems to 
transform part of its nutrient load into biomass. This could be an on-farm pond 
covered with duckweed or a wetland system, like the traditional tank cascades 
found in Sri Lanka (Awuah et al., 2004; Mahatantila et al., 2008; Nhapi, 2004). 
In all of these cases, however, it is necessary to remove the net biomass growth 
in order to prevent eventual decay of the biomass and re-release of the nutrients 
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Observations from larger urban settings in developed countries show that 
efﬂuent treatment by land application for cropping and forestry is often less 
economical than other treatment techniques. This might be due to the increasing 
economic land value near cities, but in particular the need in temperate climates 
to cater for the cold season when soils might be sealed by ice, with plants not 
growing or in dormant state (Jayawardane et al., 2001). In addition, where soils 
have restricted internal drainage capacity, soil degradation can occur through 
waterlogging and salinization (Jayawardane et al., 2001; Su et al., 2005). Hence 
most land-disposal processes are dependent on freely draining soils and the 
existence of some diversion structure to store effluent during periods of low 
absorption capacity or plant water demand. 
To overcome the constraints associated with conventional land disposal of 
wastewater in Australia, the Filtration and Irrigated Cropping for Land Treatment 
and Efﬂuent Reuse (FILTER) technique was developed for the treatment and 
reuse of secondary sewage efﬂuent (Gardner et al., 2001; Jayawardane, 1995). 
The FILTER technique combines the use of nutrient-rich wastewater for intensive 
cropping with biological and physio-chemical ﬁltration through the soil to a 
subsurface drainage system. It was initially tested on eight 1-ha experimental plots 
and subsequently trialled on four (4-ha) commercial-scale plots. FILTER plots were 
constructed by deep ripping to around 1m depth and installing the subsurface 
drainage system at this depth. The sewage efﬂuent was applied as ﬂood irrigation at 
the top end of the FILTER plots. Besides nutrient removal, other beneﬁcial effects 
were reduced suspended solids, oil and grease, and an increased N/P ratio in the 
drainage water (Blackwell and Arakel, 2004). An obvious disadvantage is the cost 
factor and equipment required for the set-up of the system, even at smaller scale. 
However, there might be options for low-cost adaptations. 
In cases where there are excess nutrient levels such as N or salts (see below), 
wastewater can be diluted with freshwater, where possible, to decrease the nutrient 
concentration and increase the beneﬁts through a higher volume of irrigation 
water. This option might have a strong seasonal dimension and is only possible 
where wastewater streams are separated from other surface-water bodies. Where 
freshwater is not available, the quantity of wastewater applied per unit area can be 
decreased. The same applies to wastewater with high levels of organic matter. In 
this case, wastewater should not be applied continuously to allow soil to biodegrade 
organic matter. 
SALTS AND SPECIFIC IONIC SPECIES 
Wastewater contains more soluble salts than freshwater because salts are added to 
it from different sources (Qadir et al., 2007b). There are no economically viable 
means to remove the salts once they enter wastewater because the techniques, such 
as cation exchange resins or reverse-osmosis membranes, are prohibitively expensive 
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For remediation purposes, wastewater can be divided into: saline wastewater 
containing excess levels of soluble salts; sodic wastewater characterized by excess 
levels of sodium (Na+); and saline-sodic wastewater having both salts and Na+ in 
excess concentrations. 
The last category is most prevalent. Salinity in wastewater is characterized by 
its electrical conductivity (EC) expressed in terms of deci-Siemens per metre (dS 
m−1). Sodicity is assessed by sodium adsorption ratio (SAR), which is expressed 
as the relative amounts of Na+ to that of divalent cations, calcium (Ca2+) and 
magnesium (Mg2+). 
For long-term irrigation with saline and/or sodic wastewater, there is a need for 
site-speciﬁc preventive measures and management strategies, which may include: 
•  appropriate selection of crop or crop variety capable of producing proﬁtable 
yield with saline wastewater;
•  selection of irrigation methods to reduce crop exposure;
•  application of wastewater in excess of crop water requirement (evapotranspiration) 
to leach excess salts from the root zone;
•  wastewater irrigation in conjunction with freshwater, if available, through cyclic 
applications and/or blending;
•  in the case of salt-sensitive crops, via careful seedbed preparation and planting 
techniques;
•  in the case of highly sodic wastewater, through the application of Ca2+ (e.g. via 
gypsum or alternative calcium-rich wastewater) to mitigate Na+ effects on soils 
and crops. 
Crop selection and diversiﬁcation
Research efforts have led to the identiﬁcation of a number of ﬁeld crops, forage 
grasses and shrubs, biofuel crops, fruit trees and agroforestry systems which can 
suit a variety of salt-affected environments and local or regional markets (Maas 
and Grattan, 1999; Qadir et al., 2008). Salt tolerance depends on several soil, crop 
and climatic factors and is generally divided into four classes: sensitive; moderately 
sensitive; moderately tolerant; and tolerant. Relative salt tolerance threshold values 
for a range of crops as a function of average root-zone salinity are given in Table 
11.5. Absolute tolerances will, however, vary depending on climate, soil conditions 
and cultural practices.
The genetic diversity among these crops provides a range of cropping options, 
especially as salinity tolerance often varies between different varieties of the same 
crop. For some crops particular salt-tolerant varieties have been created. Local 
extension ofﬁcers and crop-research institutes will be able to provide advice on 
their in- and output markets. 222  MINIMIZING HEALTH RISKS
Crop-diversiﬁcation systems based on salt-tolerant plant species are likely to 
be the key to future agricultural and economic growth in regions where saline 
wastewater is used for irrigation. Such systems, linked to secure markets, should 
support farmers in ﬁnding the most suitable and sustainable crop-diversifying 
systems to mitigate any perceived production risks, while ideally also enhancing 
the productivity per unit of saline wastewater and protecting the environment. 
In all cases, farmers are encouraged to test the actual performance of suggested 
varieties on their ﬁelds. 
Irrigation method 
There are different ways to irrigate crops, such as surface or ﬂood irrigation, manual 
irrigation with watering cans, furrow irrigation, sprinkler irrigation and micro-
irrigation such as drip or trickle irrigation. Some are more suitable for saline water 
or other types of low-quality water than others. The clogging of drip irrigation 
systems is an example. Another one is sprinkler irrigation which may cause injury 
to crops from the sodium and chloride salts absorbed directly through wetted 
leaf surfaces, especially where climatic conditions favour evaporation (Ayers and 
Westcot, 1985). Several factors affect salt accumulation in leaves: leaf age, shape, 
Table 11.5  Yield potentials of some grain, forage, vegetable and ﬁbre crops as a 
function of average root-zone salinity
Common name Botanical name Yield potential (%) at speciﬁed salinity  
(dS m−1)
50% 80% 100%
Durum wheat Triticum durum Desf. 19% 11   6
Barley Hordeum vulgare L. 18% 12   8
Cotton Gossypium hirsutum L. 17% 12   8
Rye Secale cereale L. 16% 13 11
Sugar beet Beta vulgaris L. 16% 10   7
Wheat Triticum aestivum L. 13%   9   6
Purslane Portulaca oleracea L. 11%   8   6
Sorghum Sorghum bicolor (L.) Moench 10%   8   7
Alfalfa Medicago sativa L.   9%   5   2
Spinach Spinacia oleracea L.   9%   5   2
Broccoli Brassica oleracea L.    8%   5   3
Egg plant Solanum melongena L.   8%   4   1
Rice Oryza sativa L.    7%   5   3
Potato Solanum tuberosum L.   7%   4   2
Maize Zea mays L.   6%   3   2
Carrot Daucus carota L.   6%   3   1
Source: Based on the salt-tolerance data of different crops and percentage decrease in yield per unit increase in root-zone 
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angle, and position on plant; type and concentration of salt; ambient temperature; 
air velocity; irrigation frequency; and length of time the leaf remains wet (Maas 
and Grattan, 1999). Since the problem is related more to the frequency than 
the duration of sprinkler irrigation, infrequent and heavy irrigations should be 
preferred over frequent and light irrigations (Qadir and Minhas, 2008). Several 
parameters for the evaluation of commonly used irrigation methods in relation to 
risk reduction are given in Table 11.6. 
Irrigation, drainage, and root-zone salinity management
While using saline water or wastewater, the volume of irrigation water applied 
should be in excess of crop water requirement (evapotranspiration) and predictable 
Table 11.6  Parameters for evaluation of commonly used irrigation methods in 
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No foliar injury 
as the crop is 
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ridge
Some bottom 
leaves may be 
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damage is not 
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signiﬁcant yield 
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and root zone 
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radial along the 
direction of water 
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points
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potential
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stress between 
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stress between 
irrigations
Not possible to 






























Poor to fair. Most 
crops suffer from 




all crops can be 
grown with very 
little reduction in 
yield
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rainfall should be taken into consideration as it leaches excess salts from the root 
zone. Salinity control by effective leaching of the root zone therefore becomes 
an important option for farmers who do not have limited water allocations. In 
order to calculate leaching requirement, farmers will need assistance to analyse 
the electrical conductivity of their soils and irrigation water so that the following 
equation can be used. 
LR = ECw ⁄ [5(ECe) – (ECw)]  11.1
LR refers to leaching requirement (additional water fraction of the irrigation water) 
needed to control salts in the root zone within the salt tolerance level of a speciﬁc 
crop with the routine surface irrigation method, i.e. the fraction of inﬁltrated water 
that must pass through the root zone to keep soil salinity within a speciﬁc level. 
ECw is electrical conductivity of applied irrigation water expressed in terms of dS 
m−1. ECe refers to the average soil salinity (determined from the extract of saturated 
soil paste; also expressed as dS m−1) in the root zone that can be tolerated by the 
crop under consideration. The values given in Table 11.5 for different crops can 
be used. These values also provide information on yield loss by these crops as the 
salinity of the growth medium increases.
The LR is needed to calculate the total water requirement (AW) of the crop. 
This can be estimated from Equation 11.2 (Ayers and Westcot, 1985).
AW = ET ⁄ (1 – LR)  11.2
AW refers to the depth of applied water per unit area on a yearly or seasonal basis 
(mm yr−1); ET is the annual or seasonal crop water consumption expressed as 
evapotranspiration (mm yr−1); and LR is the leaching requirement expressed as 
a fraction (see above). Both AW and ET can also be expressed in terms of m3 of 
water (1mm = 10m3 ha−1). 
The leaching required to maintain salt balance in the root zone may be achieved 
either by applying sufﬁcient water at each irrigation to meet the LR or by applying, 
less frequently, a leaching irrigation sufﬁcient to remove the salts accumulated 
from previous irrigations. The leaching frequency depends on the salinity status 
in water or soil, salt tolerance of the crop and climatic conditions (Qadir and 
Minhas, 2008). The amount of rainfall should be taken into consideration while 
estimating the leaching requirement and selecting the leaching method. Although 
leaching is essential to prevent root-zone salinity, leaching under saline wastewater 
irrigation may result in the movement of nitrates, metals, metalloids and salts to 
the groundwater. Therefore, monitoring of groundwater levels and quality is an 
essential indicator of environmental performance (Lazarova and Bahri, 2005). 
Adequate soil drainage is considered to be an essential prerequisite to achieving 
leaching requirement vis-à-vis salinity control in the root zone. Natural internal 
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proﬁle or a permeable subsurface layer occurs that drains to a suitable outlet. An 
artiﬁcial system must be provided if such natural drainage is not present. Otherwise 
the resultant root-zone salinity control will not be sustainable. Besides, adequate 
soil drainage, land-levelling and adequate depth of groundwater are also basic 
components to maintain salinity in the root zone at a speciﬁc level. The suitable 
depth of groundwater depends on climate, groundwater quality and crop(s) to be 
grown. 
Conjunctive use with freshwater
Saline wastewater can be used for irrigation in conjunction with freshwater, if 
available, through cyclic and blending approaches. Several studies have evaluated 
different aspects of these approaches on a ﬁeld scale (Oster, 1994; Qadir and 
Oster, 2004; Rhoades, 1989; Sharma and Rao, 1998; Shennan et al., 1995). 
These approaches allow a good degree of ﬂexibility to ﬁt into different situations. 
Guidelines pertaining to water quality for irrigation in terms of salinity- and 
sodicity-related parameters were mentioned in Chapters 2 and 6 in this volume. 
The cyclic strategy involves the use of saline wastewater and non-saline 
irrigation water in crop rotations that include both moderately salt-sensitive and 
salt-tolerant crops. Typically, the non-saline water is also used before planting and 
during initial growth stages of the salt-tolerant crop while saline water is usually 
used after seedling establishment (Oster, 1994; Rhoades, 1989). The cyclic strategy 
requires a crop-rotation plan that can make best use of the available good-quality 
water and saline wastewater, and takes into account the different salt sensitivities 
among the crops grown in the region, including the changes in salt sensitivities of 
crops at different stages of growth. The advantages of the cyclic strategy include: 
•  Steady-state salinity conditions in the soil proﬁle are never reached because the 
quality of irrigation water changes over time.
•  Soil salinity is kept lower over time, especially in the topsoil during seedling 
establishment. 
•  A broad range of crops, including those with high economic-value and moderate 
salt sensitivity, can be grown in rotation with salt-tolerant crops.
•  Conventional irrigation systems can be used. 
Studies addressing the cyclic use of drainage waters (Oster, 1994; Rhoades, 1989; 
Shennan et al., 1995) have shown that this strategy is sustainable for cotton, wheat, 
safﬂower (Carthamus tinctorius L.), sugar beet, tomato (Lycopersicon esculentum 
Mill.), cantaloupe (Cucumis melo L.) and pistachio (Pistacia vera L.), provided 
that the problems of crusting or poor aeration are dealt with through optimum 
management. Sharma and Rao (1998) provided further evidence from a study 
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used successfully for seven years to irrigate different crops like wheat, pearl millet 
(Pennisetum glaucum (L.) R. Br.) and sorghum with acceptable yield reductions but 
without any serious degradation of a coarse-textured soil. The soil salinity levels 
were managed satisfactorily by monsoon rains and in part pre-sowing irrigation 
of 70mm with low-salinity canal water. However, the extent of salt leaching 
was heavily dependent on the total amount of monsoon rainfall and subsurface 
drainage. 
Blending consists of mixing good- and poor-quality water supplies before 
or during irrigation. Saline wastewater can be pumped directly into the nearest 
irrigation canal or water channel. The quantity of saline wastewater pumped into 
the canal can be regulated so that target salinities in the blended water can be 
achieved (Oster, 1994; Rhoades, 1989). Water qualities are altered, according to the 
availability of different irrigation water qualities and quantities, between or within 
an irrigation event. Blending saline waters with good-quality irrigation waters has 
been a common practice in several countries such as India, Pakistan and the USA 
(Minhas, 1996; Qadir and Oster, 2004). 
Seedbed preparation and planting techniques 
Since most crops are salt-sensitive at germination stage, it is important to avoid the 
use of saline wastewater at this critical time. Under ﬁeld conditions, it is possible, by 
modiﬁcations of planting practices, to minimize salt-accumulation around the seed 
and to improve the standing of crops that are sensitive to salts during germination. 
These modiﬁcations can include sowing near the bottom of the furrows on both 
sides of the ridges, raising seedlings with freshwater and their transplanting, using 
mulches to carry over soil moisture for longer period and increasing the seed or 
seedling rate per unit area (plant density) to compensate for possible decrease in 
germination and growth (Minhas, 1996; Tanji and Kielen, 2002). 
Soil and water treatment 
Irrigation with sodic wastewater needs provision of a source of Ca2+ to mitigate Na+ 
effects on soils and crops. Gypsum (CaSO4·2H2O) is the most commonly used 
source of Ca2+; its requirement for sodic water depends on the Na+ concentration 
and can be estimated through simple analytical tests. Gypsum can be added to 
the soil, applied with irrigation water by using gypsum beds or placing gypsum 
stones in water channels. In the case of calcareous soils containing precipitated or 
native calcite (CaCO3), none or a much lower rate of gypsum application may 
work well. Plant residues and other organic matter left in or added to the ﬁeld 
can also improve the chemical and physical conditions of soils irrigated with sodic 
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activated sludge culture can be triggered by the inclusion of salt-tolerant organisms 
to improve treatment efﬁciency.
Where available, high-electrolyte waters containing an adequate proportion of 
divalent cations such as Ca2+ can be used for sodic and saline-sodic soil amelioration. 
These waters can improve soil hydraulic properties without the need to apply a 
calcium-supplying amendment (Qadir et al., 2007a; Quirk, 2001). However, the 
ratio of divalent cations, particularly Ca2+, to total cations (TC) in the applied 
water should be at least 0.3. Synthesis of the data on total cationic and Ca2+ 
concentrations in several wastewater samples suggests that wastewaters have a wide 
range of calcium to TC ratio (CCa:CTC), i.e. from as low as 0.03 to as high as 0.80 
(Table 11.7). These contrasting observations reveal that the use of wastewater to 
irrigate sodic soils should be carefully planned as the CCa:CTC should be over the 
threshold value of 0.3. Several studies have demonstrated that adequate amounts 
of Ca2+ supplied through irrigation water or applied to the soil in the form of some 
amendment improve soil structure and counterbalance the negative effects of high 
concentrations of Na+ when sodic soils are brought under cultivation (Oster et al., 
1999; Qadir et al., 2001).
The applicability of the high-electrolyte water is effective under certain 
conditions: 
•  The sodic soil under amelioration and management has smectite- and 
montmorillonite-type clay minerals with low hydraulic conductivity. 
•  The soil physical condition has deteriorated and hydraulic conductivity is 
so low that the time required for amelioration or the amount of amendment 
required is excessive.
•  The irrigation water to be used following amelioration is so low in electrolyte 
concentration that water transmission would decrease adversely.
Table 11.7  Concentrations of total cations (mmolc per litre) and calcium  
(mmolc per litre), and ratio of calcium to total cations in wastewater samples
Total cations (CTC)a Calcium (CCa) CCa : CTC Reference
  7.0   1.6 0.23 Kaul et al. (2002)
10.0   2.7 0.27 Kaul et al. (2002)
17.0   3.7 0.22 Mitra and Gupta (1999)
19.0   5.0 0.26 Mitra and Gupta (1999)
  8.0   2.5 0.31 Arora et al. (1985)
  9.0   2.8 0.31 Baddesha et al. (1986)
  9.0   7.2 0.80 CSSRI (2004)
21.0 11.0 0.52 CSSRI (2004)
44.0   1.5 0.03 Ensink et al. (2002)
aCTC ≈ EC (dS m–1) x 10.228  MINIMIZING HEALTH RISKS
ORGANIC CONTAMINANTS 
Exposure of consumers, farmers and crops in developing countries to organic 
contaminants is probably much higher through direct pesticide application than via 
contaminated irrigation water. The challenge of any related risk (and its mitigation) 
starts with its assessment, which is costly if based on actual analysis (see Chapter 
6). A possible alternative for pesticides is to predict the risk based on easier to 
measure environmental factors and application practices, using, for example, the 
free Pesticide Impact Rating Index (PIRI) software, mentioned in Chapter 6, which 
was developed in Australia but also been applied elsewhere, like Sri Lanka. More 
difﬁcult and costly would be the analysis of organic contaminants of emerging 
concern, like residual pharmaceuticals or endocrine disruptor compounds. This 
limits the current knowledge on their actual risk in wastewater irrigation, which has 
so far been ranked as relatively low compared, for example, to pathogenic hazards 
(Chang et al., 2002; Toze, 2006b; WHO, 2006b). 
To address organic contaminants preventive measures are therefore more 
suitable than any soil or water treatment. Key activities include the use of alternative 
pesticides or integrated pest management. In order to avoid pesticides entering 
streams used for irrigation or other purposes, buffer zones, run-off reduction 
and the use of wetlands for remediation could be considered. Containment of 
contaminated water in dams or wetlands may provide time for pesticides to be 
removed by sediments or through degradation. Farming practices that reduce 
run-off, such as the provision of vegetation cover or vegetated bufferstrips (Box 
11.3), can signiﬁcantly reduce the probability of environmental impacts (Finlayson 
and Silburn, 1996; Kennedy, 1999; USDA, 2000). In spiking trials, the FILTER 
system has also been shown to reduce pesticide loads by more than 98 per cent 
(Biswas et al., 2000). 
The key removal mechanisms for most organic substances are adsorption and 
biodegradation in soils and sediments (WHO, 2006b). Removal efﬁciencies are 
greater in soils rich in silt, clay and organic matter. Black carbon, in particular, 
can play a signiﬁcant role in ﬁxing highly toxic polycyclic aromatic hydrocarbons, 
polychlorinated biphenyls, dioxins, polybrominated diphenylethers and pesticides 
(Koelmans et al., 2006).
Chemical stability and slow natural attenuation of certain POPs, such as 
polychlorinated biphenyls (PCBs) and 1,1,1-trichloro-2,2-bis(4-chlorophenyl) 
ethane (DDT), make remediation of these compounds a particularly intractable 
environmental challenge. The approach usually taken is to isolate affected sites 
and either remove the contaminated soil or rely on phytoremediation as described 
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BOX 11.3 BUFFER-STRIPS
There is a dearth of empirical evidence on the performance of various options for 
mitigating diffuse pollution from agriculture. Especially, riparian buffers have received 
signiﬁcant attention over the past 20 years. Ranges for positive buffer efﬁcacy were 
found to be 30–100 per cent for soil sediment, 30–95 per cent for total phosphorus, 
10–100 per cent for total nitrogen, 30–100 per cent for pesticides and 53–100 per cent 
for faecal indicator organisms. Since many of the experiments underpinning these data 
were conducted under ‘ideal’ operating conditions, it is likely that buffer performance 
in nature will be lower. Overall, the evidence base suggests that buffers provide at least 
useful short-term beneﬁts, while longer-term impacts remain questionable owing to 
risks of pollution swapping (Collins et al., 2009).
CONCLUSIONS
There is a variety of management options for smallholder farmers in developing 
countries to address the challenges and risks of exposure to heavy metals or 
excessive salts and nutrients through irrigation water. These measures include 
soil- and water-based interventions as well as changes in crops and crop varieties. 
Currently available techniques that have been successfully applied to remediate 
metal or metalloid contaminated soils include in situ and ex situ engineering 
options, irrigation management options, in situ soil-based immobilization, 
phytoremediation, chelate-enhanced phytoextraction, etc. In certain cases, farmers 
and authorities might have no other choice than to cultivate better adapted and 
non-edible crops, or to zone the areas for non-agricultural land use. In view of 
possible organic contaminants, appropriate pest and pesticide management will 
remain more important than soil and water treatment. All methods have however 
also their drawbacks in effectiveness, duration and economics (Iskandar and 
Adriano, 1997; Zaurov et al., 1999). Due to the additional risk of bioaccumulation 
it is in many cases not possible to provide details on the general effectiveness of 
measures in terms of health-risk reduction, which will largely depend on a variety 
of site conditions, as well as spatial and temporal factors. While our knowledge is 
much advanced in view of challenges related to excess nutrients and salts, large gaps 
remain for heavy metals and, in particular, organic contaminants. A key constraint 
to risk assessments and mitigation is the missing capacity to analyse and monitor 
these constituents, especially in developing countries. It remains, therefore, crucial 
to support pollution preventing policies and measures, including the reduction 
of possible fertilizer subsidies where they have led to over-fertilization. In the 
case of metals, metalloids, nutrients and emerging contaminants, pre-treatment 
and/or segregation of industrial wastewater from the domestic and municipal 
wastewater stream (eventually used for irrigation) should have highest priority 230  MINIMIZING HEALTH RISKS
(Patwardhan, 2008). Also, the sources of salts in wastewater can be reduced by 
using technologies in the industrial sector that reduce salt consumption vis-à-vis 
discharge into the sewage system. In addition, many hazardous chemicals can be 
replaced in production processes and restrictions can be imposed on the use of 
certain products for domestic use that are major sources of, for example, salts in 
wastewater (Lazarova and Bahri, 2005). 
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Applying the Multiple-Barrier 
Approach for Microbial Risk 
Reduction in the Post-Harvest 
Sector of Wastewater-Irrigated 
Vegetables
Sanja Ilic, Pay Drechsel, Philip Amoah and Jeffrey T. LeJeune
ABSTRACT
Post-harvest interventions are an important component of a multiple-barrier 
approach for health-risk reduction of wastewater-irrigated crops as recommended 
by the 2006 edition of the WHO Guidelines for safe wastewater irrigation. This 
approach draws on principles of other risk-management approaches, in particular 
the hazard analysis and critical control point (HACCP) concept. Post-harvest 
measures are of particular importance as they can address possible on-farm pre-
contamination, and also contamination that may occur after the crops leave 
the farm. Key factors inﬂuencing microbial contamination along the farm to 
fork pathway are basic hygiene and temperature management. Both factors are, 
however, hardly under control in most developing countries where microbial 
contamination and proliferation are supported by low education, limited risk 
awareness, rudimentary technical infrastructure and unenforced regulations. In the 
face of these challenges, the most successful strategies to enhance food safety will 
involve interventions at multiple control points along the production chain, with 
emphasis on local safety targets and innovative educational programmes ﬁtting 240  MINIMIZING HEALTH RISKS
local knowledge, culture and risk perceptions. The WHO (2006) recommended 
health-based targets for risk reduction in wastewater irrigation provide the required 
ﬂexibility for risk mitigation in line with the concept of food-safety objectives 
(FSO). 
INTRODUCTION
Microbial infections of foodborne origin are a major public-health problem 
internationally and a signiﬁcant cause of death in developing countries (WHO, 
1996, 2006). Underlying problems of food safety differ considerably between 
developing countries and the more developed part of the world (Nicolas et al., 2007). 
Food safety in developing countries is inﬂuenced by a number of factors. In the 
context of wastewater irrigation, the main concern is the increasing environmental 
pollution in urban areas, which does not support the changing behaviour of urban 
consumers towards more international diets, in particular fruits and salads that 
are eaten raw. There is a high risk of contamination (not only affecting fruits 
and vegetables) at all stages of production, processing and distribution which is 
very difﬁcult to control through regulations given the common constraints in 
supporting infrastructure (cool chain) and institutional capacities.
Approaches to address this challenge have been discussed over many years in 
different divisions of the WHO and FAO dealing with food quality and health. The 
WHO Guidelines (2006) for safe wastewater irrigation present only one of several 
concepts. However, although different terminologies are used, there is considerable 
agreement on the best way forward.
The best known initiative is the Codex Alimentarius which calls upon 
countries to work towards international food safety and quality standards. Related 
recommendations, also for vegetables eaten raw, are outlined in international codes 
of best practices (CAC, 2003a, 2003b). Acknowledging the complexity of the 
current food-safety situation within and across many countries, the WHO and 
FAO advocate targeted interventions using microbiological risk analysis as the 
basis for building food-safety control programmes. Partly through the activities of 
Codex Alimentarius and expert consultations, both organizations have developed 
a series of guidelines and reports that detail the various steps in risk analysis and 
management (FAO/WHO, 2008; Gorris, 2005). 
Quantitative microbial risk assessment can help in identifying critical control 
points (Seidu et al., 2008). However, in many countries the results are predictable 
given the general substandard situation. The critical control point concept is 
similar to the multiple-barrier approach recommended by different national 
and international agencies for drinking-water safety and also by WHO (2006) 
in view of wastewater-related food-safety issues. The approach recognizes that 
while each individual barrier may be not be able to completely remove or prevent 
contamination, and therefore protect public health, implemented together, the APPLYING THE MULTIPLE-BARRIER APPROACH  241
barriers work to provide greater assurance that the water or food will be safe at the 
point of consumption.
Where a quantitative risk assessment is not available, it is still possible to set 
local food-safety objectives (FSO) (Box 12.1) which relate operational food-safety 
management to public-health goals (FAO/WHO, 2002). Health-based FSO 
relate to the time/point of consumption, which gives ﬂexibility to the individual 
contribution of different control points to the overall risk reduction target. This 
ﬂexibility also acknowledges that food chains can be very different, but nevertheless 
should comply with a common health-based target (Gorris, 2005). In the context 
of health-based targets, the ultimate goal is to have a measurable impact on speciﬁc 
health outcomes, such as diarrhoeal diseases. Whereas metrics and threshold targets 
for ‘upstream’ parameters (irrigation water quality, for example) may vary from 
BOX 12.1 TERMS AND DEFINITIONS FOR THE KEY CONCEPTS IN 
RISK-BASED FOOD CONTROL
APPR OPR IATE LEVEL OF PR OTECTION (ALOP)
Level of protection deemed appropriate by the country establishing a sanitary or 
phytosanitary measure to protect human, animal or plant life or health within its territory 
(WTO, 1995).
Food-Safety Objective (FSO)
The maximum frequency and/or concentration of a hazard in a food at the time of 
consumption that provides or contributes to the appropriate level of protection (ALOP) 
(CAC, 2004).
Health-based targets
Health-based targets are set by national authorities as a deﬁned level of health protection 
for a given exposure. This can be based on a measure of disease or the absence of a 
speciﬁc disease related to that exposure (WHO 2004, 2006). 
Control measures (CM)
Any action and activity that can be used to prevent or eliminate a food-safety hazard or 
to reduce it to an acceptable level (it can be microbiological speciﬁcations, guidelines 
on pathogen control, hygiene codes, microbiological criteria, speciﬁc information, e.g. 
labelling, training, education, and others (ICMSF, 2002).
Multiple-barrier approach
Protection against contaminants occurs at each step along the water to food pathway, 
beginning at the wastewater source, continuing at the treatment facility and extending 
through the farm and market chain to the kitchen where the food is prepared and 
eventually served (WHO, 2006; modiﬁed).242  MINIMIZING HEALTH RISKS
system to system, and are often unattainable, the FSO approach is viewed as a 
success as long as the end result of improved health is achieved through one or 
more control points (barriers) before the food gets served.
The 2006 edition of the WHO Guidelines for safe wastewater irrigation 
(WHO, 2006) mirrors this philosophy and recommends a ‘multiple-barrier’ 
approach for health-risk reduction, especially where conventional wastewater 
treatment is not effective (Figure 12.1). Health-based targets are expressed in 
averted DALYs (see Chapter 2). The Guidelines draw on the hazard analysis and 
critical control point (HACCP) system and its prerequisites: good agricultural 
practices (GAP), good manufacturing practices (GMP) and good hygiene practices 
(GHP) which are recognized by the Codex Alimentarius Commission as a cost-
effective way to enhance food safety at all stages of the food supply chain (WHO, 
1996). 
Although microbiologically polluted irrigation water is a major contributor 
to on-farm contamination of vegetable crops, it is only one of many risk factors in 
the farm to fork continuum. There are other pathogen sources and non-pathogenic 
threats. Looking only at pathogens, they can contaminate the edible tissues of plants 
at any stage from production to consumption via soilborne, seedborne, airborne or 
waterborne routes. Considering the differences in existing food-production chains, 
with an enormous variety in structures, logistics and stakeholders, and that they 
will undoubtedly change rapidly, scale-up and diversify continuously, food-safety 
management at any scale (regional, national, local, factory) is a challenge (Gorris, 
2005). This shows the crucial need for multiple precautions at various pathogen 
Figure 12.1  Multiple-barrier approach in the wastewater food chain where 
treatment alone is an insufﬁcient pathogen barrier 
Source: Based on the HACCP concept, IWMI (unpublished)
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barriers or critical control points. In Chapter 10, the authors introduced farm-based 
measures, while this chapter focuses on barriers in the post-harvest sector. These 
address two important objectives: minimizing any existing contamination during 
primary production (i.e. on farm); and avoiding any additional contamination that 
may occur through cross-contamination and suboptimal hygiene practices during 
harvesting, transport, processing, marketing/handling and food preparation. 
BIOPHYSICAL FACTORS AFFECTING RISK REDUCTION
Contaminants originating from wastewater may attach to the plant surface, may 
be taken up by roots or may be internalized into the plant tissue elsewhere. From 
a food-safety standpoint, the latter route is debatably less signiﬁcant given the low 
concentrations of pathogens which can enter the tissue of healthy plants compared 
to what can be deposited on the surface. Although it has been shown that some 
human pathogens, such as Salmonella spp., can survive and grow within certain 
vegetables, their replication is generally limited under these conditions (Jablasone 
et al., 2004; Serani et al., 2008; Shi et al., 2007; Solomon et al., 2002; Tsai and 
Ingham, 1997; Zhuang et al. 1995). It is more likely for pathogens to enter plants 
that are wounded or damaged (Aruscavage et al., 2008; Fatemi et al., 2006).1 The 
greater risk factor, in terms of quantitative pathogen exposure, is the contamination 
of the crop surface, especially where the surface is large, like on leafy vegetables.
Understanding the ecology of bacterial pathogens on plant surfaces can 
lead to the development of intervention strategies to prevent, reduce or remove 
contamination. Virtually any fruit or vegetable can serve as a vehicle for any 
pathogen, providing that the pathogen survives in high enough numbers on the 
product until such time as it is consumed. Common factors inﬂuencing pathogen 
survival include initial dose of contamination, time and environmental conditions 
(Table 12.1). Table 12.2 shows the die-off rate of different pathogen groups on 
the crop surface. 
Environmental conditions play a key role in the survival of micro-organisms 
on plant surfaces which are subject to extreme ﬂuctuations in temperature and 
moisture (Bunster et al., 1989) and related bacterial numbers and diversity (Ailes 
et al., 2008; Ilic et al., 2008). This offers opportunities for interventions. Natural 
die-off of bacteria has been described as an important method to minimize safety 
risks by increasing the interval between the last irrigation (and contamination) and 
harvest to several days (Aruscavage et al., 2006; Keraita et al., 2007). Unfortunately, 
the same does not apply to the interval between harvest and consumption: once 
harvested, (leafy) vegetables begin to decay rapidly and cannot be kept on the shelf 
to facilitate natural die-off. 
It can get even worse. As crops are transported from the farm to the table, 
contamination, recontamination and cross-contamination issues are gaining in 
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Table 12.1  Factors affecting pathogen survival in the environment
Factor Comment
Humidity/precipitation Humid environments favour pathogen survival.
Dry environments facilitate pathogen die-off.
Rainfall can result in splashing of contaminated soil on crops.
Temperature Most important factor in pathogen die-off. 
The impact of temperature varies for different pathogens. High 
temperatures lead to rapid die-off, normal temperatures lead to 
prolonged survival. 
Freezing temperatures can also cause pathogen die-off.
Acidity/alkalinity (pH) Some viruses survive longer in more acid, i. e. lower pH soils, while 
alkaline soils are associated with more rapid die-off of viruses.
Neutral to slightly alkaline soils favour bacterial survival.
Sunlight (UV radiation) Direct sunlight leads to rapid pathogen inactivation through 
desiccation and exposure to UV radiation.
Foliage/plant type Certain vegetables have sticky surfaces (e.g. zucchini) or can 
absorb pathogens from the environment (e.g. lettuce, sprouts) 
leading to prolonged pathogen survival.
Root crops are more prone to contamination and facilitate pathogen 
survival.
Competition with native 
ﬂora and fauna
Antagonistic effects from bacteria or algae may enhance die-off. 
Bacteria may be preyed upon by protozoa.
Source: Strauss (1985); modiﬁed
Table 12.2  Survival times of selected excreted pathogens in soil and  
on crop surfaces  at 20–30°C
Pathogens Survival time
In Soil On crops
Viruses:





<70 but usually <20 days
<70 but usually <20 days
<20 but usually <10 days 
<30 but usually <15 days
<30 but usually <15 days 
<5 but usually <2 days
Protozoa:
Entamoeba histolytica cysts  <20 but usually <10 days  <10 but usually < 2 days 
Helminths: 





<90 but usually <30 days
Many months 
Many months 
<60 but usually <30 days 
<30 but usually <10 days
<60 but usually <30 days
<60 but usually <30 days
aIncludes polio-, echo- and coxsackie-viruses.
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after harvest, several studies have shown an increase in microbial load as vegetables 
move from the farm to the consumer (Ailes et al., 2008; Ensink et al., 2007; Ilic et 
al., 2008). Only when the temperature can be controlled and kept low can longer 
intervals allow for bacterial die-off; but where temperature cannot be controlled, 
extended time between harvest and consumption may support an increase in 
bacterial population numbers rather than a decrease (Box 12.2).
BOX 12.2 METHODOLOGICAL CHALLENGES
There are many challenges in the detection and removal of pathogenic threats which 
demand some notes of caution when it comes to recommendations for risk reduction. 
A few are mentioned here: 
•  Test conditions: studies that have examined the survival of foodborne pathogens 
on plants have been mostly conducted under experimental conditions (Aruscavage 
et al., 2008; Jablasone et al., 2005; Stine et al., 2005). Serious limitations to the 
extrapolation of these experiments to real-life situations include the large initial 
inoculums often used and the unnatural (i.e. greenhouse/laboratory) conditions in 
which the plants are grown. 
•  Indicator quality: a general challenge is the use of indicator micro-organisms. The 
detection of speciﬁc pathogens such as Shigella spp., E. coli O157:H7 or Salmonella 
spp. (see Box 12.1) is both expensive and time-consuming. Therefore, many 
researchers, especially in developing countries, measure thermotolerant coliform 
contamination frequency and magnitude as a surrogate of pathogen survival and 
vegetable safety (Ailes et al., 2008). However, the use of coliforms as indicators of 
pathogen contamination is debatable as many coliforms are naturally present in the 
environment and on plant surfaces and therefore their presence might not indicate 
recent pathogen contamination. Moreover, this group of organisms may not exhibit 
the same survival or attachment behaviour as the pathogens. This is particularly 
important when considering or assessing their removal (Ilic et al., 2008). 
•  Tracing contamination: studies trying to trace the source of contamination often 
tend to compare independent sample sets taken, for example, at the farm gate and 
in markets (e.g. Armar-Klemesu et al., 1998). However, where markets receive their 
produce from different farms, it will require signiﬁcant efforts and sample numbers 
to conﬁrm the origin of any analysed difference in coliform counts. Amoah et al. 
(2007a) tried to bypass this problem by following vegetables from various farms 
– using wastewater or tap water for irrigation – to the ﬁnal retail points. In this way, 
it was possible to identify the crucial points at which most contamination occurred 
in the farm to fork chain of activities. 246  MINIMIZING HEALTH RISKS
OPTIONS FOR RISK REDUCTION ALONG  
THE CONTAMINATION PATHWAY
Harvest
Different paths of contamination are possible during the harvest of leafy green 
vegetables (Franz and van Bruggen, 2008; Hope et al., 2008; McEvoy et al., 
2009). While in more developed countries most concerns are addressed through 
standardized protocols and mechanized ﬁeld operations, in developing countries 
basic hygiene is often violated due to the high dependency on manual labour 
combined with the lack of clean water or other resources and/or education. 
Harvest is a key step along the contamination pathway as it involves the 
injury of plant tissues. As discussed above, cut surfaces are ideal sites for pathogen 
attachment and may also serve as an entryway of pathogens into the deeper 
tissues of the plant where they cannot be disinfected or washed away (Aruscavage 
et al., 2008). The cleaning and sanitization of equipment used during harvest is 
an important requirement (McEvoy et al., 2009), but of limited applicability in 
smallholder farms in developing countries where water for cleaning might not be 
available and tools are permanently in contact with hands, crops and soil. However, 
as mentioned above, plant injury and internalization of pathogens at harvest are 
only noteworthy where surface contamination is not a larger risk factor. 
During harvesting and immediately after, fresh vegetables are also exposed to 
potential cross-contamination from the soil surface, other agricultural inputs (e.g. 
fresh manure) and handlers. It is important to implement basic sanitary practices 
to prevent contamination at this level. Using baskets or plastic sheets to avoid 
contact between utensils and produce and the ground or other potentially unsafe 
sources of contaminants can greatly contribute to the reduction of the risks of 
contamination during harvest. 
In both northern and southern vegetable production systems, emphasis is often 
placed on performing parts of the processing while the crop is still on the farm. For 
example, in-ﬁeld coring and packaging of lettuce heads in the USA has become a 
common industry practice (McEvoy et al., 2009). Likewise, in West Africa, it is 
common practice for vegetable sellers to buy their crops on the farm. This allows 
them to choose the best-looking ones. Still on the farm, they remove soil particles 
from freshly harvested vegetables (e.g. carrots, salad greens and cucumbers) by 
washing them in the streams or ponds usually used for irrigation, as reported, for 
example, in Niger, Benin, Burkina Faso and Senegal (Klutse et al., 2005). These 
water sources are often highly contaminated, which undermines growers’ efforts 
to avoid contamination and poses a signiﬁcant risk to the consumer as well as all 
stakeholders involved in subsequent crop handling (Hope et al., 2008). Raising 
awareness about microbial hazards among traders is required, as is the provision 
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Transport and storage
The main risk factor for increased microbial loads on fresh vegetables during 
transportation and storage is elevated temperatures over extended periods of time. 
In many developing countries, there is, however, still a general lack of cool transport 
and storage. This explains why some crops, especially the most perishable such as 
lettuce, are often grown in the city close to the point of sale. This urban vicinity, 
on the other hand usually results in irrigation with contaminated surface water 
(Drechsel et al., 2008). 
The lack of cool storage requires fast transport from farm to retail and exact 
prediction of quantities to be sold to avoid leftovers. In some countries, intermediate 
traders are gaining ground to supply to large outlets such as supermarkets. A 
common bottleneck in this situation is the heat exposure of vegetables already 
packed in closed plastic bags during transport and intermediate storage, i.e. before 
the supermarket is reached. 
The rate and extent of microbial growth in fresh produce depend mainly on 
the initial microbial load and time/temperature exposures. In general, lower storage 
temperatures ensure a longer post-harvest life for fresh fruits and vegetables (Nunes, 
2008). Storing produce in the shade is one of the few methods available to keep 
produce cooler where refrigeration in not feasible. 
Another risk factor typical for developing countries is the lack of dedicated 
transport vehicles. Usually, market traders or farmers hire taxis or mini-vans which 
are used at other times for the transport of commuters, small livestock or other 
goods, which increases the general risk of cross-contamination. 
In northeastern India, farmers often transport their produce from the ﬁeld to 
the market by bullock/buffalo cart, as it is the cheapest available transport. While 
on-farm packaging practices are almost non-existent, some farmers use straw for 
crops such as tomatoes as a cushioning material to reduce mechanical damage. 
Traders further pack the tomatoes in smaller paper cartons with no ventilation and 
send them to distant markets, with a large proportion of the products damaged 
and decayed by the time they reach the consumer, which increases food-safety risks 
(Directorate of Research (Agri) Assam Agricultural University, 2005).
Processing and marketing
Handling, processing and packaging of leafy green vegetables is carried out 
differently in diverse environments throughout the world. International standards 
as supported by the Codex Alimentarius remain in many developing countries only 
a long-term target as local conditions, education, regulations and infrastructure 
(cooling, transport means, etc.) including monitoring cannot yet match what is 
possible in more developed countries. 
The ﬁrst processing step of fresh vegetables in local African and Asian market 
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appearance and market value. In Ghana, for example, the simple removal of (‘bad-
looking’) outer vegetable leaves in markets reduced the coliform counts by 0.5 
log unit (lettuce) to 1 unit (cabbage) (M. Akple, pers. communication). Cutting 
the cabbage into smaller units, on the other hand, increased the surface area and 
coliform counts, which shows that every manipulation of fresh vegetables down the 
processing chain may be a source of contamination if prevention measures, such 
as cleanliness of processing equipment and the surroundings, including hygiene, 
health and adequate training of the involved staff, are lacking. 
As in all stages of production and processing, workers may be the key sources of 
produce-contamination with pathogens, primarily viruses (norovirus, hepatitis A) 
and bacteria (Shigella, Salmonella, etc.). The two main and most basic steps for risk 
reduction would be to provide sufﬁcient handwashing facilities and to avoid having 
ill individuals harvest or handle produce. However, both recommendations face 
signiﬁcant challenges in developing countries. On the one hand, labour associations 
covering the health protection of formal and informal restaurant, vendor and 
catering staff are usually non-existent. On the other hand, the urbanization rate 
has outpaced development of sanitary infrastructure. For example, a market survey 
in Ghana’s capital, Accra, found that only 31 per cent of the urban markets have a 
drainage system, 26 per cent have toilet facilities and 34 per cent are connected to 
pipe-borne water (Nyanteng, 1998). These data are very similar to those reported 
from a global survey on street-vended food (WHO, 1996). 
Final point of sale 
Where the lack of local infrastructure constrains the provision of acceptable 
hygienic conditions, as described in the previous section, relocation of markets or 
food stalls is often discussed, especially those that are informal. However, the WHO 
(1996) noted correctly that street-food vendors are, in many countries, part of the 
social and cultural fabric of their communities and, therefore, an effort should be 
made to keep them as close to their current business sites as possible, even though 
some sanitary facilities may not be available. The reasons are at least twofold:
1  The provision of new sites away from traditional locations often results 
in business disadvantages, thus there is low adoption and/or an informal 
reappearance of the stands near the former location. 
2  Although better sanitary conditions might reduce the number of risk factors, 
they may not automatically impact on raw material contamination, cross-
contamination, personnel hygiene behaviour, poor food preparation practices 
or hot and cold holding capacity. 
Consequently, relocation should not be seen as a panacea for resolving the problems 
of low food safety. Indeed, risk mitigation has to start on farm (see Chapter 10) 
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The last point of sale can be a street-market, a supermarket or a restaurant 
offering, for example, a fresh salad. Although the standards of these entities vary 
greatly in developing countries, general food-safety considerations are similar 
and again are much dependent on the ability to keep the produce under low 
temperatures and well protected from contamination. Especially in hot climates, 
it is often impossible to conserve unsold leafy vegetables for the next day because 
of product quality deterioration. Even during the day, water is often used for 
refreshing or rehydrating (crisping) fruits and vegetables on display. Changing this 
water once during the day can already decrease the average faecal coliform counts 
on lettuce by up to 1 log unit, as a comparative analysis has indicated (Drechsel et 
al., 2000). However, in many developing countries where it is not easy to change 
water, vegetables are refreshed and washed over the day with the same water, which 
can lead to severe cross-contamination (Amoah et al., 2007a). 
In theory, the use of chlorine tablets could help, but if solutions used for 
decontamination are not regularly changed, such processing water may itself 
become a source of contamination. Therefore, clear instructions on dosages and 
frequencies of water replenishment and disinfectants should be provided and 
followed. More important is the need to address the motivation for washing or 
refreshing vegetables in retail. The most obvious motivation is to display ‘fresh’ 
produce, which reﬂects customers’ preferences and criteria for purchase; this does 
not automatically translate into ‘safe’ products but could be a starting point for 
awareness campaigns. Such campaigns should be based on local perception studies. 
In Kumasi, Ghana, public-health students worked as interns over several weeks 
in eating places of various types (street kiosks, canteens, restaurants), observing 
behaviour and trying to understand limitation and opportunities to increase food 
safety (Rheinländer et al., 2008). According to their ﬁndings, consumers avoided 
food-safety risk by assessing the neatness and trustworthiness of vendors. Vendors 
were also found to emphasize these attributes while ignoring basic food-safety 
practices. 
Consumption at home and in restaurants
Diets vary and the consumption of raw salads is not common in every country or 
region. However, fresh leafy greens are increasingly eaten in urban centres, e.g. in 
sub-Saharan Africa, as a modern complement to rice-based fast food. In Ghana, 
for example, more than 90 per cent of the lettuce produced enters the street-food 
sector; in Accra alone, at least 200,000 residents of various socio-economic classes 
consume lettuce or cabbage every day. Most of this produce is grown in urban and 
peri-urban agricultural plots irrigated with polluted water (Amoah et al., 2005, 
2007a; Obuobie et al., 2006).
While markets, transport and retail can be inﬂuenced (and, in some countries, 
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behaviour can hardly be controlled through formal regulations (Fischer et al., 
2007). On the other hand, if risk awareness is provided, consumers should have 
a high incentive to practise safe food-handling behaviours because of the direct 
and immediate impacts on their own health. The challenge is to understand if this 
awareness is actually inﬂuencing behaviour and on what kind of information it is 
based. Surveys of 210 restaurants and 950 households in seven countries across 
West Africa showed, for example, that vegetable-washing is common in 56–90 per 
cent of the urban households and 80–100 per cent of the restaurants (Amoah et 
al., 2007b; Klutse et al., 2005). 
The reasons for washing varied between cities and countries, broadly depending 
on educational and economic standards, the availability of certain disinfectants and 
local traditions. In some households, vegetables were washed primarily to remove 
dirt, sand, dust and, more seldom, chemical farming residues. In other households 
and restaurants it was performed explicitly to reduce the risk of pathogens and 
diarrhoeal diseases (Amoah et al., 2007b; Klutse et al., 2005). The most common 
disinfectants used in the restaurants throughout Francophone West Africa were 
bleach (Eau de Javel®) (55 per cent of cases) and potassium (K) permanganate (31 
per cent), followed by salt, lemon or soap. In Anglophone Ghana, the use of bleach 
was unknown and the general awareness level related to pathogen contamination 
appeared to be much lower (Amoah et al., 2007b). Amongst the lower classes 
in the selected Francophone cities, there was a clear tendency for only water or 
water with salt, soap or lemon juice to be used, while in middle and upper class 
households and restaurants the use of bleach or permanganate appeared to be 
prevalent (Figure 12.2).
In Ghana, various salt and vinegar solutions are dominantly used besides 
cleaning in water only. Salt is preferred to vinegar for cost reasons, but both 
appeared highly ineffective in the low concentrations or contact times commonly 
used (Amoah et al., 2007b). Also Rosas et al. (1984) stressed that common 
washing practices very often do not reduce the coliform counts to safe levels. 
There can be large differences depending on contact time and sanitizer (Table 
12.3). The observed differences in the knowledge of appropriate sanitizers between 
Francophone and Anglophone countries in West Africa call for an engagement of 
the private sector in food-safety campaigns. 
Washing can also remove helminth eggs especially with good agitation and 
rubbing of the leaves. When washing in a bowl was compared to washing under 
running water (independent of sanitizing solution used) the latter was more 
effective in egg reduction. Washing in a bowl reduced the helminth egg population 
by half and sometimes more, while running water reduced the contamination level 
from the usual eight to nine eggs to one egg per 100g lettuce wet weight (Amoah 
et al., 2007b). 
When it comes to internalized pathogens or pesticides on vegetable surfaces 
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Figure 12.2  Types of disinfectants used according to the category of  
restaurants in Cotonou, Benin 
Source: Amoah et al. (2007b)
BOX 12.3 LIMITATIONS IN VIEW OF INTERNALIZED PATHOGENS 
AND PESTICIDES
Surface treatments with sanitizers may substantially reduce surface contamination but 
are signiﬁcantly less effective in reducing microbial populations that have been internalized 
in produce (Pao and Davis, 1999). Zhuang and Beuchat (1996) demonstrated that a 
15 per cent solution of trisodium phosphate completely inactivated Salmonella on the 
surface of tomatoes while only resulting in a 2 log reduction of internal populations. 
Moreover, some pathogens, including bacteria and some viruses, adhere to fruits 
and vegetables in such a fashion that they cannot be easily removed or killed with 
conventional washing and disinfection procedures. The exact mechanisms are not yet 
fully understood. 
In addition to microbial contamination, washing vegetables can effectively also 
reduce levels of pesticide contamination. Special care is, however, required for 
hydrophobic pesticides which cannot easily be removed with water, unless soap is used. 
For some fruits and vegetables, such as tomatoes, it is best to remove the skin when 
boiling cannot eliminate the threat. Cooking vegetables can be contra-effective when 
the melting point of the pesticide is over 100°C, like in the case of Lindane analysed on 
tomatoes in Ghana. In this case, the tomato skin cracks when boiled and the pesticide 
can enter the fruit body (Obuobie et al., 2006). Amoah et al. (2006) compared the 
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Table 12.3  Effect of selected disinfection methods on faecal coliform levels on 
lettuce in West Africa
Method Log unit 
reductionsa 
Comments
Dipping in a bowl of 
water
1.0–1.4 •  Increased contact time from a few seconds to 2 
minutes improves the efﬁcacy from 1–1.4 logs. 
•  Not very efﬁcient compared to washing with other 
sanitizers.
•  Not very effective for helminth eggs if washing has to 
be done in the same bowl of water.
•  Warming the water did not result in different counts.
Running tap water 0.3–2.2 •  Effective compared with washing in a bowl, also for 
helminth egg removal. 
•  Increased efﬁcacy only with increased contact time 
from a few seconds to 2 minutes.
•  Limited application potential due to absence of tap 
water in poor households. 
Dipping in a bowl with a 
salt solution
0.5–2.1 •  Salt solution is a better sanitizer compared to dipping 
in water if the contact time is long enough (1–2 mins).
•  Efﬁcacy improves with increasing temperature and 
increasing concentration, but high concentrations 
have a deteriorating effect on the appearance of some 
crops like lettuce.
Dipping in a bowl with a 
vinegar solution
0.2–4.7 •  Very effective at high concentration (>20ml/l) but this 
could have possible negative effects on taste and 
palatability of the washed vegetables. 
•  To achieve best efﬁcacy and keep the sensory quality 
of product the contact time should be increased to 
5–10 mins.
•  Efﬁcacy is improved even at low concentration if 
carried out with a temperature over 30°C.
Dipping in a bowl 
with potassium 
permanganate solution
0.6–3.0 •  Most effective at higher concentrations (200ppm), a 
temperature of 30°C or higher and a contact time of 
5–10 mins.
•  Higher concentration colours washed vegetables 
purple which requires more water for rinsing or may 
raise questions of a negative health impact.
Dipping in a bowl with 
a solution containing 
a washing detergent 
(OMO™)
1.6–2.6 •  Signiﬁcant reductions could be achieved with 5–10 
mins’ contact time. 
•  Residual perfumes and soap taste might affect 
consumer’s sensory perception.
•  As OMO contains surfactants which could affect 
health, thorough rinsing is required
Dipping in a bowl of 
water with added 
household bleach
2.2–3.0 •  Tested dosages (commercial bleach) resulted in 
165–248µS/cm salinity (= concentration indicator).
•  Effective with 5–10 mins’ contact time, and widely 
used in Francophone West Africa. 
•  May pose a health risk if dosage is not well explained.
Dipping in a bowl 
of water containing 
chlorine tablets
2.3–2.7 •  Effective at 100ppm but tablets not commonly 
available in some West African countries.
•  Effect of higher concentrations on efﬁcacy not tested. 
Source: Amoah et al. (2007b); modiﬁed; a   ranges are due to different concentrations or contact times of disinfectant 
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Education of stakeholders in post-harvest risk reduction 
Education in food safety is critical for implementation of risk reduction and 
mitigation measures during post-harvest production of fresh produce in both 
developed and developing countries. In general, stakeholders at every level 
need to be included in food-safety education, including policy-makers. In the 
developing world there is a special need to improve both processors’ and consumers’ 
understanding of food safety. Educational campaigns should target the following 
three groups: 
•  Processors: in regions where cost is the main barrier to implementing safe 
practices, education efforts should aim to inform the stakeholders about 
available low-cost alternatives that can be successfully implemented locally. 
Educational programmes should also include cost–beneﬁt comparisons and 
take into account cultural preferences and patterns of behaviour. Aside from 
conventional training workshops, there are also other educational approaches 
which try, for example, to show the invisible risk moving along the pathogen 
pathway (Box 12.4). 
•  Policy-makers: at the national and international level, the Codex Alimentarius, 
supported by the FAO and WHO, probably has the best potential and network 
to foster awareness and inﬂuence decision-making. Care has to be taken to 
support countries with appropriate steps towards achieving the international 
standards.
•  Consumers: the educational activities may target the general consumer audience 
on various levels of society, such as schoolchildren, women, households, etc. 
As the main considerations differ from country to country, it is crucial to 
understand the barriers in each region and possible opportunities in order to 
implement a successful food-safety educational campaign. As the West African 
example showed, sometimes certain easy-to-buy disinfectants might simply not 
be known. 
However, the step from increased awareness to actual behaviour-change is not an 
easy one and might require certain triggers and incentives as described in Chapter 
16.
CONCLUSIONS
Due to poverty-related poor sanitary conditions in most developing countries, it is 
difﬁcult to maintain appropriate hygienic standards in support of food safety. The 
enforcement of unrealistic standards, on the other hand, would neither be effective 
nor address the core of the problem, which is often the lack of understanding of 
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international standards have very limited local application potential, although they 
are useful long-term goals. In addition, the application of the common HACCP 
concept is challenged by the multitude of existing sanitary hazards likely to affect 
the condition of the food along the farm to fork pathway as well as the many 
individual entities concerned, who often lack the collective organization, education, 
risk awareness and resources to undertake HACCP studies. While, for example, 
priority-setting via QMRA (see Chapter 2) would be desirable, the common lack 
of resources limits its application. What is required under these circumstances is 
an integrated but ﬂexible approach, keeping in mind what is realistically possible, 
and the awareness and motivation level of all the concerned parties. 
Agreeing on local FSO and striving for continuous improvement in the levels 
over time are key elements of an adapted concept. This mirrors the WHO (2006) 
recommended health-based targets for risk reduction in wastewater irrigation, 
which are, like the FSO, related to the time of consumption, i.e. the end of a food 
chain. 
BOX 12.4 ROAD SHOWS
Supported by the Knowledge Sharing in Research (KSinR) project of the Consultative 
Group on International Agricultural Research (CGIAR), alternative methods of awareness 
creation and education on wastewater irrigation and food safety were tried in Ghana. 
Instead of conventional training events, farmers, food caterers, market women, retailers 
and representatives from authorities met in their city for an urban road trip along the 
contamination pathway.
The participants were taken in a bus to one of their typical urban vegetable 
production sites with wastewater irrigation. From there the group toured wholesale 
and retail markets until they reached typical street-food restaurants serving the same 
vegetables that they had followed from the farm. At each of the stops, farmers, vendors 
or kitchen staff demonstrated common and locally ﬁtting improved practices for health-
risk reduction. Participants were encouraged to ask questions and discussed possible 
incentives for behaviour-change at each stop along the value chain. 
The  road  trip  was  supported  by  the  visualization  of  the  invisible  threat  of 
microbiological hazards through the use of agar plates inoculated either with wastewater 
(showing growing bacterial colonies) or piped water (no bacterial colonies). The main 
learning objectives were for:
•  participants to be aware of the presence of invisible risks moving from farm to 
table;
•  participants to understand the concept of a multiple-barrier approach with joint 
responsibility for effective health-risk reduction;
•  authorities to appreciate and support efforts of main stakeholders to contribute to 
solutions. 
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Critical control points remain important to avoid and/or reduce contamination. 
The studies in West Africa by Amoah et al. (2007b) found, for example, that it 
is very common practice to wash vegetables before consumption as raw salad. 
Although the reasons did not always reveal any understanding of pathogens and 
possible disease transmission, the fact that people adopted a washing behaviour 
can be considered a signiﬁcant milestone on which a local food-safety campaign 
could build. While such post-harvest operations might not fully remove foodborne 
pathogens from leafy vegetables and herbs, they remain key steps complementing 
other options for risk reduction (FAO/WHO, 2008). 
Given the basic need for food-safety education, a key pillar of any intervention 
will be awareness creation and training. 
NOTE
1  The situation is different for chemicals, especially heavy metals. Also some crops, like 
cucumbers or carrots, are able to absorb smaller organic chemicals, like chlorobenzenes 
and polycyclic aromatic hydrocarbons (Collins et al., 2006). 
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Cost-Effectiveness Analysis of 
Interventions for Diarrhoeal 
Disease Reduction among 
Consumers of Wastewater-Irrigated 
Lettuce in Ghana
Razak Seidu and Pay Drechsel
ABSTRACT
Interventions proposed and implemented for the mitigation of diarrhoeal diseases 
associated with wastewater reuse in agriculture have received little, if any, comparative 
assessment of their cost-effectiveness. This chapter assesses the costs, outcomes 
and cost-effectiveness of the so-called ‘treatment’ and ‘non- or post-treatment’ 
interventions as well as a combination of these for wastewater irrigation in urban 
Ghana using an approach that integrates quantitative microbial risk assessment 
(QMRA), disability-adjusted life years (DALYs) and cost-effectiveness analysis 
(CEA). The cost-effectiveness ratios (CERs) for the treatment and non-treatment 
interventions assessed ranged from US$31/DALY to US$812/DALY averted. 
Risk-reduction measures targeting farming practices and the basic rehabilitation 
of local wastewater treatment plants were the most attractive interventions with 
a CER well below the threshold of US$150/DALY, sometimes considered as the 
upper limit for a health intervention to be cost-effective in developing countries. All 
combinations associated with the basic rehabilitation of the treatment plants, with 
either on-farm or post-harvest interventions or both, resulted in CERs within the 
range of US$40/DALY to US$57/DALY. However, the CERs for the construction 262  MINIMIZING HEALTH RISKS
of a new wastewater treatment plant either as an independent intervention or in 
combination with on-farm and post-harvest interventions were unattractive in view 
of health-risk reduction for wastewater irrigation. Although attractive, the CERs of 
non-treatment options are largely dependent on compliance (adoption) by farmers 
and food vendors. In this regard, the CER increased by almost ﬁvefold when the 
adoption rate was only 25 per cent by farmers and food vendors; but was attractive 
as long as adoption rates did not fall below 70 per cent. On the other hand, the 
success of the treatment option depends on the functionality of the treatment 
plants which is not without challenges in a country like Ghana. Thus, this chapter 
stresses the need for a balanced risk-management approach through a combination 
of treatment and non-treatment interventions to hedge against failures that may 
affect CERs at any end. While this chapter provides a contribution to the debate 
on interventions for health-risk mitigation in wastewater irrigation, more case 
studies would be useful to verify the data presented here. 
INTRODUCTION
Irrigation with raw, diluted and treated wastewater for vegetable production is 
increasingly becoming a central component of the urban food matrix in many 
countries due to depleting freshwater resources, increased demand for fresh 
vegetables and the need to reuse water based on a deeper understanding of 
sustainability issues. The beneﬁts of the practice are many and encapsulate social, 
economic and environmental returns that dovetail neatly into food security, 
freshwater conservation and sustainable wastewater management. At the same time, 
wastewater irrigation can serve as a conduit for severe and sometimes fatal health 
consequences with a cost to society greater than its beneﬁts if not undertaken in 
a safe manner. Many of the infectious pathogenic organisms of viral, bacterial, 
protozoan and parasitic origins implicated in gastroenteric diseases are present in 
wastewater and may be transmitted via the consumption of wastewater-irrigated 
vegetables. A review of several wastewater-irrigation studies worldwide showed 
clear evidence of direct correlations between the consumption of wastewater-
irrigated vegetables and the occurrence of gastroenteric diseases including diarrhoea 
(Blumenthal and Peasey, 2002). 
To reduce the health risk associated with wastewater irrigation while optimizing 
its beneﬁts, a multi-pronged approach that progressively reduces microbial health 
hazards has been proposed by the most recent World Health Organization (WHO) 
Guidelines for wastewater irrigation (WHO, 2006). This approach to health-risk 
management appreciates the diverse and disparate socio-cultural, technical and 
institutional dynamics of wastewater irrigation and thus postulates a wide range 
of ﬂexible and locally speciﬁc health-risk barriers. This is of particular importance 
where the main conventional risk barrier, i.e. wastewater treatment, does not 
sufﬁciently work, as in most developing countries. Here, so-called ‘post-treatment’ COST-EFFECTIVENESS ANALYSIS OF INTERVENTIONS  263
or ‘non-treatment’ options gain signiﬁcance (see Chapter 2). These comprise 
measures for risk reduction along the farm to fork pathway, such as drip-kit 
irrigation or vegetable-washing. 
Several of these health-risk barriers have been explored in different geographical 
areas in terms of their efﬁcacy in view of risk reduction and, in some cases, their 
feasibility of implementation, acceptability and potential sustainability. One of 
these cases is Ghana. In urban Ghana, where wastewater irrigation is common and 
poses a signiﬁcant health risk (Seidu et al., 2008), non-treatment interventions 
at the farm and post-harvest points have been explored in different cities, on 
farms, in markets and in street-food restaurants (see references in Drechsel et 
al., 2008). These studies, together with others elsewhere (WHO, 2006), have 
shown that a signiﬁcant risk reduction is also possible where public health cannot 
yet rely on conventional wastewater treatment, especially if different options are 
combined. However, decisions as to which intervention to implement have largely 
accounted for only the efﬁcacy of the interventions in terms of reduced bacterial 
counts or helminth eggs, without rigorous analysis of the health gains and cost-
effectiveness.
An approach that has been used to address this gap is cost-effectiveness analysis 
(CEA). The approach provides a framework for the assessment of interventions 
in terms of their costs per standardized health beneﬁt measured in DALYs averted 
(WHO, 2003). This approach, although widely used to assess water and sanitation 
interventions, is yet to be applied to wastewater irrigation to rigorously assess the 
different interventions proposed in the 2006 WHO Guidelines. This chapter 
presents the ﬁrst attempt at applying a holistic CEA framework that integrates the 
health gains in terms of diarrhoeal disease reduction and cost of treatment and non-
treatment interventions associated with wastewater irrigation in urban Ghana. 
DESCRIPTION OF INTERVENTIONS
Both intervention types, treatment and non-treatment, were considered in 
comparison with the common (baseline) practices of wastewater irrigation, 
independently and in combination. For the non-treatment option a variety of 
improved practices were tested at different critical control points, i.e. on the farm, 
in markets and in kitchens of the street-food sector, in terms of their ability to 
reduce faecal coliforms and helminth eggs on vegetables mostly eaten raw (Drechsel 
et al., 2008). Chapters 10 and 12 in this book provide more details on this. For 
the promotion of these practices the International Water Management Institute 
(IWMI) and national partners suggested a 36-month campaign. 
The campaign targeted farmers using wastewater for irrigation and street-food 
kitchens selling wastewater-irrigated salads as part of common urban fast-food 
dishes. For the CEA, the on-farm and off-farm components of the campaign were 
assessed separately and in combination. The campaign was largely based on social 264  MINIMIZING HEALTH RISKS
marketing, incentives and education (see also Chapter 16), and included improved 
irrigation practices such as cessation of irrigation, drip irrigation and improved 
overhead irrigation at the farm level, as well as more effective vegetable-washing 
practices at the post-harvest level. 
A set of possible interventions was compiled at the farm and fast-food restaurant 
level, taking into account different possibilities and constraints at different locations. 
As some practices will have a higher applicability and adoption potential at one 
site than another their average risk reduction was used in the analysis presented 
here. Thus, in the assessment, the speciﬁc improved practices were categorized into 
two groups, on farm and post-harvest respectively, with no further distinctions 
between the different interventions. Aside from those ‘non-treatment’ options, the 
IWMI project carried out an inventory of all 70 (largely dysfunctional) wastewater 
treatment plants (WWTP) in Ghana to analyse, among things, their costs of 
rehabilitation. Nine smaller wastewater treatment plants with minor technical 
problems were selected for rehabilitation across ﬁve major cities in Ghana where 
wastewater irrigation is practised, each meeting the following criteria: 
•  The treatment plant had farmland available for irrigation purposes.
•  Wastewater irrigation is undertaken in the town/city where the treatment plant 
is located.
•  The readiness and willingness of local regulatory authorities and managers of 
the plant to use wastewater for irrigation.
•  The cumulative area would be large enough to absorb the large majority of 
farmers currently using untreated wastewater.
In addition to the rehabilitation option, the ongoing construction of a smaller new 
wastewater treatment plant in Legon, Accra1 (with a theoretically possible large-
scale irrigation component) was assessed, using ofﬁcial cost estimates. Finally, all 
possible combinations of treatment and non-treatment options were assessed.
METHODS
An integrated approach combining QMRA, DALYs and CEA was applied to 
estimate quantitatively the health effects and cost-effectiveness of the interventions. 
For this, the QMRA framework presented by Haas et al. (1999) was followed 
while DALY estimations were based on Murray (1994). The cost-effectiveness of 
the interventions was constructed following the WHO guide to cost-effectiveness 
analysis (WHO, 2003). A detailed description of the methodology is presented 
as follows.COST-EFFECTIVENESS ANALYSIS OF INTERVENTIONS  265
Health-risk assessment
Hazard identiﬁcation
All diarrhoea-causing pathogenic organisms of viral, bacterial, protozoan and 
parasitic origins are present in wastewater and can be transmitted via the consumption 
of wastewater-irrigated vegetables. In Ghana, studies on the microbial hazards in 
wastewater have so far been limited to faecal coliforms and helminths (Amoah 
et al., 2007; Obuobie et al., 2006). However, epidemiological investigations 
of diarrhoea prevalence have consistently detected a wide range of pathogenic 
organisms including rotavirus (Reither et al., 2007), (non-typhi) Salmonella 
and Cryptosporidium (Adjei et al., 2004) suggesting that these organisms can 
potentially be found in the wastewater used for vegetable irrigation. Therefore, for 
this assessment, we chose rotavirus, Cryptosporidium and Salmonella respectively 
as representative organisms for the viral, protozoan and bacterial infections and 
diarrhoea cases. 
Rotavirus has been used as a representative organism in health-risk assessments 
associated with wastewater irrigation in Ghana (Seidu et al., 2008) and elsewhere 
(Hamilton et al., 2006; Mara et al., 2007; Shuval et al., 1997). (Non-typhi) 
Salmonella has been found in street-salad vegetables potentially irrigated with 
wastewater (Mensah et al., 2002). It is also a major cause of foodborne diseases 
worldwide and has been used as a representative organism for bacterial infections in 
a risk-assessment study (Gerba et al., 2008). Cryptosporidium has also been used as 
a representative organism in quantitative microbial risk studies (Mara et al., 2007) 
and is widely associated with diarrhoeal diseases worldwide. 
As indicated above, none of these organisms has been directly investigated 
and detected in wastewater in Ghana. Therefore, their concentrations in irrigation 
wastewater were determined by extrapolation using ratios (pathogenic bacteria/
virus/protozoan to indicator bacteria) ranging from a conservative 1:105 to the 
least conservative 1:106 and 1:104 to 1:105 were used to predict the concentration 
of rotavirus and Salmonella in wastewater respectively (Gerba et al., 2008). For 
Cryptosporidium, a range of 1:106 to 1:107 (Mara et al., 2007) was used. For the 
wastewater treatment options, the faecal coliform concentrations reported for 
domestic wastewater in Ghana (Awuah et al., 1996) were used. For the non-treatment 
interventions (farm and post-harvest improved practices), the reported concentration 
of faecal coliforms in stormwater drains in Ghana (Keraita and Drechsel, 2004; 
Obuobie et al., 2006) and on crops (Amoah et al., 2007) were used. To account 
for uncertainty, the reported faecal coliform concentrations in the wastewater were 
assumed to follow a lognormal probability distribution (Table 13.1).
Exposure assessment, dose-response and risk of infection
Exposure to the pathogenic organisms for each of the interventions was modelled 
for wastewater-irrigated lettuce by accounting for the reductions in faecal coliforms 266  MINIMIZING HEALTH RISKS
attributable to each of the interventions using the probability distributions in 
Table 13.1. The exposed consumer population was estimated from surveys of 
restaurants and food vendors serving wastewater-irrigated lettuce salad by following 
the distribution-consumption path described by Amoah et al. (2007) and was 
approximately 700,000 per day in Ghana’s ﬁve largest cities where urban fast food 
is common (IWMI, 2009). From this survey and an earlier study (Obuobie et 
al., 2006), it was found that consumers  in the streets of Accra and Kumasi, on 
average, ate about 13g of lettuce salad three times per week, resulting in an annual 
consumption of 1.87kg per person (IWMI, 2009). Since response to various 
pathogenic organisms is age-dependent, this was accounted for by stratifying 
consumers of lettuce at restaurants and fast-food vendors. Figure 13.1 shows a 
standardized age-cohort distribution of the exposed consumer population.
The dose of organisms Di ingested by consuming irrigated lettuce was 
determined as: 
Di = Qi . Vi . Vc . 10 –n  13.1
Qi is the mass of lettuce consumed per meal (g); Vi is the volume of irrigation 
water left on lettuce after harvest (ml g–1); Vc is the concentration of pathogens 
per volume of wastewater (number of pathogens g–1); and n log unit reduction in 
pathogens associated with the interventions. Vi was assumed to be between 10.8ml 
Figure 13.1  Projected distribution of wastewater-irrigated lettuce consumer 
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and 15ml (Mara et al., 2007; Seidu et al., 2008), a range based on the 10.8ml 
reported by Shuval et al. (1997).
For the dose-response relationships, the beta-Poisson dose-response model 
(which assumes the pathogen-host survival probability to vary according to a beta 
distribution) was used for rotavirus and Salmonella (non-typhi), as it best describes 
the dose-response relationships for both organisms (Haas et al., 1999) in human 
feeding trials involving rotavirus (Ward et al., 1986) and Salmonella of several 
strains (McCullough and Eisele, 1951a; 1951b; 1951c). For Cryptosporidium 
the single hit exponential dose-response model (which assumes constancy of the 
pathogen-host survival probability) best describes its dose-response relationship 
obtained from human feeding trials (DuPont et al., 1995; Haas et al., 1999). In the 
case of a single exposure, the beta-Poisson and exponential dose-response models 
are respectively expressed as: 
Table 13.1  Efﬁcacy of treatment and non-treatment interventions
Concentration of 
faecal coliforms 

















3–6 WHO (2006)  Triangular
(3, 4, 6)
2–3 Hodgson (2000); 











Drechsel et al. (2008) Uniform
(2, 3)c
On farm: Overhead 
irrigation at <0.5m
2–2.5 Drechsel et al. (2008)
On farm: Drip irrigation 3–4 Drechsel et al. (2008)
Post-harvest: Washing 
of vegetables with only 
clean water (cold water 
for 2 min)
1–1.4 Drechsel et al. (2008) Uniform
(1, 2)
Post-harvest: Washing 
of lettuce with clean 
water and disinfectant
2.1–2.2 Drechsel et al. (2008)
aAwuah et al. (1996).
bObuobie et al. (2006) and Keraita and Drechsel et al. (2004).
cA maximum of 3 log unit reduction instead of 4 log was taken to account for problems of clogging associated with the 
use of drip kits by farmers in Ghana.268  MINIMIZING HEALTH RISKS
             N50 
13.2
Pi (d) = 1 – e–    (rDi )  13.3
Pi (d) is the probability of becoming infected by ingesting Di number of organisms, 
N50 is the median infection dose representing the number of organisms that will 
infect 50 per cent of the exposed population; and α and r are the dimensionless 
infectivity constants. For rotavirus, N50 and α are 6.17 and 0.253 respectively; for 
Salmonella, N50 is 23,600 and α is 0.3126; and for Cryptosporidium r is 0.0042 
(Haas et al., 1999). We estimated the annual risk of infection for the organisms 
by accounting for the dose and frequency of consumption presented above using 
the formula:
PA = 1 – (1 – Pi(d))156  13.4
PA is the annual risk of infection and Pi (d) is as described above. All the models 
were constructed in Microsoft Excel and calculated with Monte Carlo simulation 
at 10,000 iterations using the @ Risk 4.5 (Palisade Corporation) software add-on 
to Excel. 
Diarrhoea morbidity, mortality and Disability-Adjusted  
Life Years
Epidemiological data on the transition from infection with the selected pathogenic 
organisms to disease (mild or severe) or death are lacking for Ghana. Therefore, 
studies undertaken in other regions were relied on. For rotavirus, it was assumed 
that after infection 10–15 per cent are asymptomatic, while 85–90 per cent develop 
diarrhoea of which in Ghana 12 per cent of the cases are severe, with the rest 
suffering mild diarrhoea leading to full recovery. From the severe diarrhoea cases 
it was assumed that 5 per cent die (Havelaar and Melse, 2003). 
Rotavirus diarrhoea-related disease is common among children. However, 
some studies have also reported the incidence of diarrhoea among adults infected 
with rotavirus. A rotavirus outbreak study among college students has reported 
that of the 83 cases of rotavirus infection, 93 per cent had diarrhoea with a full 
recovery (Fletcher et al., 2000). In another study of children with rotavirus in 28 
families, 18 of 54 adult family members exposed to rotavirus developed evidence 
of infection, and all but four had diarrhoea (Grimwood et al., 1988). 
Based on this, it was assumed that the severe diarrhoea cases and deaths can 
occur mainly in the consumer age groups of 1–14 years (i.e. over and above the 
widely reported key age group of 0–5 years who, from our survey, are not frequent 
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consumers of street food served with wastewater-irrigated lettuce) and those over 
60 years. The choice of this wide range, including those in the over 60 age group, 
was to account for potential outbreak incidence. It was further assumed that the 
other age groups (15–60 years) will develop mild diarrhoea with full recovery. 
For Cryptosporidium infection, it is known that in developed countries, 71 
per cent of infected immunocompetent persons develop gastroenteritis, while 
population-based outbreak studies and volunteer experiments report relapses of 
diarrhoea in 40–70 per cent of patients (Havelaar and Melse, 2003). The only well-
documented Cryptosporidium-related mortality is the waterborne disease outbreak 
in Milwaukee where four deaths were reported out of 400,000 diarrhoea cases 
(Mackenzie et al., 1994). For the purposes of this study, it was assumed that 70 per 
cent of those infected with Cryptosporidium following consumption of lettuce will 
develop diarrhoea with a mortality rate of 0.1 per cent, to reﬂect the potentially 
high mortality rates in developing countries (Havelaar and Melse, 2003). 
For Salmonella, studies based on the FoodNet database (Kennedy et al., 2004; 
Voetsch et al., 2004) were used. From these studies, it was estimated that 50.3 per 
cent and 49.7 per cent of consumers infected with Salmonella non-typhoid will 
develop bloody and non-bloody diarrhoea respectively. From the bloody diarrhoea 
cases, it was assumed that 20 per cent will be hospitalized as severe cases for an 
average of three days with a 0.6 per cent fatality rate (Kennedy et al., 2004; Voetsch 
et al., 2004). 
To ascertain the efﬁcacy of the interventions in comparison with the status 
quo, the burden of morbidity and mortality of the diarrhoeal disease cases resulting 
from the infections under each of the interventions was estimated using the DALY 
approach. DALY combines years of life lost by premature mortality with years lived 
with a disability, standardized using severity or disability weights (Murray, 1994). 
The approach was ﬁrst introduced in the World Development Report (World Bank 
1993) and was revised in 1996 for the Global Burden of Disease studies (Murray 
and Lopez, 1996). For each of the pathogenic organisms, the DALYs/year were 
calculated using the equation: 
DALYs = YLLs + YLDs  13.5
YLL is the number of years of life lost due to mortality and YLD is the number of 
years lived with a disability, weighed with a factor between 0 and 1 for the severity 
of the disability or disease. 
YLLs and YLDs were derived using the equations:
                        KCe ra
YLLs[r, K, ß ] = –––––– {e–(r+ß )(L+a)[–(r + ß)(L + a) – 1]–e–(r+ß)a[–(r + ß)a – 1]}  
                 (r + ß)2
     1–K
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                             (r + ß)2
     1–K
+ ––– (1 – e–rl )}  13.7
       r
K = age weighting modulation factor; C = constant; r = discount rate; a = age of 
death; ß = parameter from the age weighting function; L = standard expectation 
of life at age a.
For rotavirus the severity indexes of mild diarrhoea and severe diarrhoea were 
taken as 0.1 and 0.23. For Cryptosporidium and Salmonella, 0.067 was used as the 
severity index for watery diarrhoea cases. Bloody Salmonella-related diarrhoea was 
accounted for with a severity index of 0.39 (Havelaar and Melse, 2003). All mild 
and severe diarrhoea cases lasted seven days while the very severe cases with blood 
lasted 5.6 days based on bloody diarrhoea associated with E. coli O157 (Havelaar 
and Melse, 2003). Deaths resulting from all the diarrhoea cases irrespective of the 
organism involved had a severity index of 1. A standard life expectancy of 60 years 
(GSS, 2002) across all the age groups with a standard age-weighting modulation 
factor ranging from 0 to 1 was used, and the parameters ß and C were set at 0.04 
and 0.1658 respectively (Murray, 1996). The DALY model for the interventions 
was constructed and simulated in Excel and discounted at 3 per cent annually 
(WHO, 2003). 
Costing interventions
The ingredient approach, which totals all the inputs as the products of their 
respective quantities and values, was used to estimate the cost of the interventions. 
For the suggested three-year campaign (IWMI, 2009) targeting farmers and fast-
food vendors/restaurants, all relevant stakeholders including the Ghana Social 
Marketing Foundation, Ministry of Food and Agriculture (MOFA) and the Food 
and Drugs Board (FDB) were interviewed to get a feasible cost-assessment for the 
campaign. 
For the nine treatment plants selected for rehabilitation, a facility assessment 
survey was carried out by local sanitation consultants to elicit information on 
the inputs/materials required for a basic (low-cost) upgrading towards effective 
operation (IWMI, 2009). In the case of the new wastewater treatment plant 
all costs were obtained from the appraisal reports of the African Development 
Bank-funded Accra Sewerage Improvement Project (ASIP) (IWMI, 2009). All 
cost streams obtained for the different interventions were separated as capital or 
recurrent. All cost items for the various interventions including their components 
are summarized in 2008 US dollars (Tables 13.2–13.3). Capital costs were 
annualized and recurrent costs discounted over three years for the non-treatment 
campaign and ten years for the treatment interventions. For comparability across 
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discounted at 3 per cent as the base case and at rates of 0 per cent and 6 per cent 
for sensitivity analysis (WHO, 2003). To account for uncertainty around the cost 
estimates, the triangular probability distribution was ﬁtted to all the capital and 
recurrent costs by taking the minimum and maximum likely values at +/– 20 per 
cent, respectively.
Table 13.2  Summary of costs for non-treatment options (national campaign)




Campaign reaching all vegetable 
farmers in ﬁve major cities










Campaign reaching all vegetable 
street-food vendors/restaurants  
in ﬁve major cities 












Table 13.3  Summary of costs of two ‘treatment’ options
Selected Plants   Cost (US$)
1) WWTP Rehabilitation
Restricted rehabilitation of core 
functions of selected plants with 
agricultural lands
Roman Ridge, Accra   5,500
PRESEC, Accra 48,500
KNUST, Kumasi 50,000
Asafo, Kumasi   7,000
Pantang, Accra 20,000
Kamina Barracks, Tamale 20,000
UCEW, Winneba 25,000
Ankaful WWTP 25,000
Volta Star WWTP, Juapong 17,000
Total
Total annual O&M incl. staff 




New construction of a small treatment 
plant with sewer rehabilitation and 
extension (part of the already funded 
and ongoing ASIP project)
University of Ghana, Accra:
Sewer (re)connection 
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Cost-effectiveness
Cost-effectiveness of the interventions was modelled with the TreeAge ProHealth 
Suit Software (www.treeage.com) (Robberstad et al., 2007). The average cost-
effectiveness ratios (CER) were calculated in US$ per DALY (i.e. the cost incurred 
for each DALY averted by the intervention) as well as the incremental cost-
effectiveness ratios (ICER) (i.e. the additional cost needed for each additional 
unit of DALY averted resulting from investment in the intervention rather than its 
comparator) after accounting for the DALYs averted for each of the interventions 
in relation to the status quo (no intervention scenario). An expansion path analysis, 
based on the ICER, was also made to highlight dominated interventions (i.e. 
interventions that are both costly and less effective than their comparators) and 
for the ranking of the interventions. All costs and DALYs averted were discounted 
at 3 per cent as baseline with further sensitivity analysis at 0 per cent and 6 per 
cent, as suggested by the WHO. The cost-effectiveness ratios were compared with 
a cut-off value of US$150/DALY averted, which was used for many years as a 
rough economic evaluation criterion by which a health intervention in a developing 
country is considered cost-effective (World Bank, 1993). All interventions with 
cost-effectiveness ratios of < US$150/DALY were considered cost-effective while 
those > US$150/DALY were classiﬁed as unattractive.2 
Sensitivity and uncertainty analysis
A one-way sensitivity analysis was also made to ascertain the effects of variations in 
the discount and campaign adoption rates as well as costs on the CER and ICER. 
The CER and ICER were calculated for each of the interventions by varying the 
discount rate for costs and beneﬁts (DALYs) from 0 per cent to 6 per cent. As 
the calculations were based on a successful campaign with 100 per cent adoption, 
the sensitivity analysis was used to address lower adoption rates. Adoption rates 
of 25 per cent and 75 per cent representing pessimistic and optimistic scenarios 
respectively were assessed for the on-farm and post-harvest interventions. For the 
costs, as stated above, triangular distributions were applied for both the capital 
and recurrent costs with minimum and maximum values at 20 per cent below and 
above the most likely value, calculated from the ingredient approach (Robberstad 
et al., 2007). From the triangular distributions, 10,000 Monte Carlo simulations 
were made and CERs calculated. From these iterations mean CERs with 95 per 
cent conﬁdence intervals were derived for each of the interventions. COST-EFFECTIVENESS ANALYSIS OF INTERVENTIONS  273
RESULTS
Infection risks, diarrhoea cases and DALYs 
The annual infection risk associated with the consumption of lettuce salad irrigated 
under the current wastewater-irrigation and post-harvest practices across the 
country showed a high viral infection risk. The median viral infection risk was 
of a magnitude of 10–1 per person per year (pppy) while those of bacterial and 
protozoan were 10–5 pppy indicating that the risks of bacterial and protozoan 
infection given the current wastewater irrigation practices met the WHO tolerable 
infection risk of 10–4 pppy. These infection risks resulted in 477,258 self-limiting 
(mild) diarrhoea cases, representing 0.68 episodes per consumer per year. This falls 
outside the range of diarrhoea incidence of 0.8–1.3 pppy for all ages in developing 
countries, but approximates the global average diarrhoea incidence of 0.7 pppy 
(Mathers et al., 2002). Of the 0.68 diarrhoea episodes, about 14 per cent and 
0.1 per cent were severe and fatal respectively and translated into 12,016 DALYs 
annually, representing 0.017 DALYs pppy. This ﬁgure represents nearly 10 per cent 
of the WHO-reported DALYs occurring in urban Ghana due to various types of 
water- and sanitation-related diarrhoea (Prüss-Ustün et al., 2008). 
Effectiveness of interventions
The assessment shows that 41–92 per cent of the total DALYs (related to the 
consumption of wastewater-irrigated salads) can be averted through the different 
on-farm and post-harvest interventions (Figure 13.2). A campaign targeting 
improved farm practices could avert up to 92 per cent of the DALYs while up to 
74 per cent could be averted through interventions in the street-food sector. Also, 
the rehabilitation of the nine selected WWTPs with farmland nearby and well 
distributed over the country could allow a high DALY reduction of 82 per cent if 
farmers would agree to move to those sites. Building a new WWTP (independently 
of its level of sophistication and cost) would certainly be very effective in its 
treatment but could not accommodate all farmers (even in Accra, with the greatest 
amount of irrigated urban farming) and supply all required vegetables. Thus, it 
would only avert in the best case 44 per cent of the annual DALYs. Combined 
non-treatment options (on farm, off farm) or non-treatment options and the 
rehabilitation of the nine WWTPs would in all cases increase the health beneﬁt 
by averting 94 per cent of the DALYs, which is not much more than the farm 
interventions alone if they are broadly adopted. 
Cost-effectiveness of interventions
As presented in Table 13.4, the CERs ranged from US$31/DALY to US$812/
DALY on average. Based on the rough CER benchmark of US$150/DALY, the 274  MINIMIZING HEALTH RISKS
most cost-effective interventions are those targeting health-risk reduction at the 
farm level (CER of US$31/DALY). Also, the low-cost rehabilitation of a larger 
number of existing but underperforming WWTPs well distributed over urban 
Ghana can be very cost-effective. These two options demand that farmers either 
adopt safer irrigation practices or move to sites with safer (treated) water. Also 
combining both options to offer farmers more choices is still very cost-effective 
(US$40/DALY) and so is the multiple-barrier approach combining low-cost 
rehabilitations, on-farm interventions and post-harvest (street-food) interventions. 
This is important as it offers more options and security for risk reduction while 
only marginally increasing the costs per DALY averted.
Only the construction of new WWTPs could not be considered as cost-
effective in view of health-risk reduction related to wastewater-irrigated salads. 
The reason is not only the low coverage but the high costs, even of simple pond 
systems, if sewer connections are planned. Thus, increasing the number of new 
plants to cover all land needed for satisfying the current demand for salad greens 
would even decrease the CER despite averting all DALYs. This also applies to any 
non-treatment intervention combined with construction of a new WWTP. 
The high cost-competitiveness of the WWTP rehabilitation is due to the 
limited investments needed to get the selected systems working again; the costs 
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are even lower than the funds required for a national campaign on non-treatment 
options. However, as mentioned before, this option assumes no further costs on 
sewer to household connections and that the farmers move to those sites with 
treated wastewater. Where this would increase their transport costs, incentives will 
be needed to ensure that farmers do not maintain their current high-risk plots.
Even though the CERs provide signiﬁcant information regarding the efﬁcacy of 
interventions, they cannot be used to rank the interventions without considering 
resource constraints. Therefore, an expansion path, based on the incremental 
cost-effectiveness of the interventions, was undertaken by ﬁrst ranking all the 
interventions in terms of their effectiveness. Figure 13.3 shows the expansion path 
for the interventions given that there is no resource constraint. The associated 
incremental cost-effectiveness analysis shows that the most cost-effective path 
for the implementation of possible interventions is from the rehabilitation of the 
WWTPs to on-farm interventions to a combination of on-farm and post-harvest 
interventions. All other interventions were completely dominated, i.e. resulted in 
negative incremental effects against a comparator.
Table 13.4  Cost-effectiveness ratios of interventions
Interventions                CER (US$/DALY)
Mean CI (5–95%)
Non-Treatment Options Campaign 
100% adoption rate (AR) on farm   31 27–35
100% AR post-harvest    67 58–76
100% AR on farm + post-harvest    83 72–95 
25% AR on farm + 75% AR post-harvest   95 82–108
75% AR on farm + 25% AR post-harvest    94 81–107
25% AR on farm + 25% AR post-harvest 
(pessimistic scenario case)
394 340–447
75% AR on-farm + 75% AR post-harvest 
(optimistic scenario case)
  87 75–98
Treatment Options
Rehabilitation of selected urban WWTPs   31 27–35




Rehabilitation + on farm   40 34–45
Rehabilitation + post-harvest   48 41–54
Rehabilitation + on farm + post-harvest   57 50–65
Construction + on farm 771 666–877
Construction + post-harvest 798 689–907
Construction + on farm + post-harvest  812 702–924276  MINIMIZING HEALTH RISKS
Sensitivity and uncertainty analysis
Discounting the cost and health beneﬁts at 0 per cent and 6 per cent signiﬁcantly 
affected the average CER, but this did not affect the ranking of the interventions 
in terms of incremental cost-effectiveness ratios (results not shown). Also, there was 
a remarkable effect of the campaign adoption at the farm and post-harvest sectors 
on the overall effectiveness and, hence, the cost-effectiveness of the interventions 
(Figure 13.2 and Table 13.4). 
Generally, the relationship describing this phenomenon was exponential. 
Given the pessimistic scenario where only 25 per cent of farmers and food vendors 
adopted the improved practices of the campaign, only 20 per cent of the DALYs 
lost were averted, resulting in a CER of US$394/DALY, which is more than twice 
the benchmark CER and thus making the campaign unattractive. The optimistic 
scenario representing 75 per cent adoption of improved practices across the farm 
and post-harvest sectors averted about 90 per cent of the DALYs, leading to a CER 
of US$87/DALY. This shows that signiﬁcant health gains can still be made cost-
effectively at marginal non-compliance rates of up to 25 per cent for the optimistic 
scenario in this study across the farm and post-harvest sectors. Further calculations 
based on the exponential relation show that a maximum non-compliance (non-
adoption) rate of about 30 per cent across the farm and post-harvest sectors could 
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Figure 13.3  Expansion path showing dominated interventions
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DISCUSSION
The assessment has shown that the consumption of wastewater-irrigated lettuce 
is likely to significantly contribute to cases of diarrhoea and DALYs with a 
disproportionate impact on children. The results were compared with the EU-
funded SWITCH project which used QMRA to assess the disease burden associated 
with contaminated piped drinking water, ﬂooding, playing in open storm water 
drains, swimming at urban beaches and occupational contact with faecal matter 
in Accra (Lunani et al., 2009). It was found that for the same urban area and 
population the consumption of wastewater-irrigated vegetables appears to be the 
second highest in risk after children exposed to an open stormwater drain (IWMI, 
2009). 
Mensah et al. (2002) found a wide range of pathogenic organisms including 
Staphylococcus aureus in street-food salad in Accra and concluded that the lettuce 
and cabbage used in the preparation of the salad were potentially irrigated with 
wastewater and/or fertilized with poorly composted manure. In the same study, 
poor hygiene practices by street-food vendors serving salad were also implicated 
in the microbial contamination of the salad served. This study, together with 
others (Amoah et al., 2007; Obuobie et al., 2006; Seidu et al., 2008), stressed 
the importance of on-farm and post-harvest practices as control points for the 
reduction of the health hazards associated with wastewater irrigation. 
As the results indicate, health-reduction measures at these points have 
the potential to avert a high number of DALYs and are cost-effective as well. 
Nevertheless, the sensitivity analysis showed the importance of strategies that 
support the adoption of non-treatment options as non-compliance of more than 
30 per cent rendered the campaign increasingly unattractive in terms of costs and 
health gains. 
Thus, strategies that ensure a consistent increase in the adoption of improved 
practices are vital. In this regard, constraints including the additional labour 
requirements (e.g. farm ponds) or investment needs (e.g. drip kits) of some of the 
improved practices, or risk of lower yields due to cessation of irrigation or furrow 
irrigation (see Chapter 12) have to be taken into account in the design of incentive 
systems and effective campaign programmes. A framework combining incentive 
systems, education, social marketing and regulations to achieve a high adoption 
rate as well as practical examples from participatory on-farm research are discussed 
in Chapters 16 and 17. 
It should be stressed that the assessment here generally reﬂected an endemic 
situation, accounting for variations in the pathogenic organisms in the stormwater-
drain irrigation water with probability distribution functions. These distributions 
did not account for an epidemic or outbreak situation. In an outbreak or epidemic 
situation, where the concentration of pathogenic organisms in the irrigation water 
is signiﬁcantly elevated, even an adoption of 70–75 per cent may not reduce the 278  MINIMIZING HEALTH RISKS
total DALYs signiﬁcantly as an elevated incidence of diarrhoea and DALYs could 
occur in a cluster of consumer population not affected by the intervention. 
Given the sensitivity of the CERs of the non-treatment interventions to 
farmers’ and vendors’ adoption rates, it would not make sense to select a single 
critical control point. It is thus proposed that both treatment (rehabilitation 
of wastewater treatment plants for wastewater treatment) and non-treatment 
interventions (on-farm improved irrigation practices and post-harvest washing 
practices by fast-food vendors) be combined to increase the probability of DALY 
reduction while only marginally decreasing the CER. In this regard, a combination 
involving the basic rehabilitation of the nine Ghanaian wastewater treatment plants 
together with both or either of the non-treatment options will not only reﬂect best 
the ‘multi-barrier’ approach promoted by the WHO (2006) but also provide some 
safety against potential failures in the suggested campaigns. 
It is, for example, uncertain whether the probability of behaviour-change will 
be higher among farmers than vendors or vice versa. To increase the probability of 
success, it is thus recommended to address both groups.
In the CEA of interventions to reduce health risks related to wastewater-
irrigated vegetables, those involving the construction of a new wastewater treatment 
plant were less attractive. Despite the small size of the plant, a major cost factor in 
the Accra case was the rehabilitation and construction of household connections 
which dominated the actual pond construction by a factor of three to one. 
However, WWTPs might be cost-effective in terms of other reduced health 
risks (e.g. if underground sewers replace open drains), household support and/
or environmental protection, which are not considered here. There is also no 
question about the effectiveness of WWTPs for pathogen and diarrhoeal disease 
reduction (Barreto et al., 2007; Kolahi et al., 2009; WHO, 2006). It is therefore 
recommended to be, on the one hand, location- and case-speciﬁc, but on the 
other, to carry out a more encompassing cost-effectiveness assessment that includes 
all locally relevant diarrhoeal-related risk factors that may be impacted by the 
construction of a WWTP and other beneﬁts of WWTPs. 
The estimated CERs for the interventions presented here are comparable with 
those of other water, sanitation and hygiene interventions worldwide, which range 
from US$3.35–$20/DALY for hygiene behaviour-change to up to US$6,396/
DALY for improved urban water supply and sanitation systems (Table 13.5). The 
comparison shows that the non-treatment options as well as low-cost rehabilitation 
of existing treatment plants can be as cost-effective as the promotion of hand-
washing or water chlorination. Also, the estimated CER for the non-treatment 
(on-farm and post-harvest practices) and basic rehabilitation of treatment plants 
for vegetable irrigation compares favourably with an estimated cost-effectiveness 
ratio of US$516/DALY for the reduction of diarrhoea associated with the coverage 
of stormwater drains in Accra (IWMI, 2009). However, due to the fact that these 
CERs have been arrived at via different methodologies, such comparisons should 
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an intervention with a CER of US$45/DALY is better than another one with 
US$450/DALY (Clasen and Haller, 2008). 
The assessment applied QMRA to estimate health risks from extrapolated 
microbial hazards. The extrapolation of the empirically analysed thermotolerant 
coliform bacteria to the different pathogenic organisms remains, however, only 
an estimate based on the best available transfer functions; this may result in an 
underestimation or overestimation of the health risks with the accompanied DALYs 
and hence the CERs. The study of Donkor et al. (2008), for example, shows that in 
view of E. coli O157:H7, our assessment might be on the safe side. Such uncertainty 
surrounding the estimates has been accounted for by providing the 95 per cent 
conﬁdence interval (CI) around the mean CER, to provide policy-makers with 
an opportunity to better assess intervention options on a continuum. However, a 
more rigorous study based on epidemiological investigations of the interventions 
and their associated impact on diarrhoea is needed to further validate the QMRA 
results and CERs arrived at in this assessment.
CONCLUSIONS
The health risk associated with wastewater irrigation in terms of diarrhoea cases 
and the associated DALYs can be signiﬁcant. This study has demonstrated that 
by implementing on-farm and post-harvest interventions, both independently 
Table 13.5  CER of interventions for diarrhoeal disease reduction
Intervention CER (US$/DALY)
Mean Range
Hygiene behaviour-change campaign – 3–20
Chlorination at household level – 46–266
Solar disinfection 54 40–74
Ceramic ﬁltration 125 83–59
Basic sanitation (pit latrine) construction and promotion  ≤ 270 –
Basic sanitation (promotion only) 11 –
Water supply via hand pumps/stand posts 94 –
Water supply via house connection 223 –
Oral rehydration therapy 1062 132–2570
Rotavirus immunization 2478 1402–8357
Cholera immunization 2945 1658–8274
Improved rural water supply and sanitation 1974 –
Improved urban water supply and sanitation 6396 –
A campaign leading to 75% adoption of safer irrigation and 
vegetable-washing practicesa 
87 75–98
Source: Cairncross and Valdmanis (2006); Clasen and Haller (2008); Hutton and Haller (2004); Keusch et al. (2006); 
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and in combination, the DALYs could be signiﬁcantly reduced in a very cost-
effective way. Although these interventions are attractive, their implementation and 
subsequent cost-effectiveness relies signiﬁcantly on the adoption rates by farmers 
and vendors in the fast-food sectors. It is thus suggested that these interventions be 
well promoted, taking advantage of tangible or intangible incentives and combined 
with the rehabilitation of wastewater treatment plants where this is possible at 
low cost, to ensure, by an only marginally decreased CER, the best allocation of 
scarce resources. The study also suggests that the construction of new wastewater 
treatment ponds and related sewer systems is much less cost-effective in terms of 
public-health-risk reduction from the (limited) perspective of wastewater irrigation. 
Further studies looking at other ‘non-treatment options’, as well as the larger impact 
of treatment plants, are recommended.
NOTES
1  Based on a set of anaerobic, facultative and maturation ponds with a planned 
intake of 6424m3/day.
2  In more recent literature, other criteria are used, for example based on the 
GDP of a country. The Commission on Macroeconomics and Health classiﬁes 
interventions that have a cost-effectiveness ratio of less than three times GDP 
per head as cost-effective (CMH, 2001). 
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ABSTRACT
In developing countries urban wastewater management often fails to cope with 
increasing wastewater generation. Financial, technical and institutional limitations 
force authorities to discharge substantial amounts of untreated or partially treated 
wastewater into surface waters. Consequently, uncontrolled use of polluted water 
is increasingly common in the downstream peri-urban areas. Although wastewater 
use bears a signiﬁcant risk on human health, such use is also productive and an asset 
for many. Agricultural use of wastewater is a strong manifestation of the urban–
rural connection and transfers a waterborne risk from the wastewater disposal 
system to the food chain, requiring a paradigm shift in the approaches applied 
to risk minimization. Conventional models for urban wastewater treatment and 
management are based on top-down, technically driven approaches that do not, 
or do not sufﬁciently, consider the links between the social, economic and health 
aspects. This situation is understandable from historical and technological points of 
view, but does not provide innovative solutions to current problems in developing-
country cities. A different approach is required, one that rethinks conventional 
wastewater system design and management. By adopting a systems approach to 
analysing both the water and food chains, one discovers the interactions of different 
stakeholders that treat and use (or abuse) water, the impacts on overall productivity 
and the risks. Governance systems to manage wastewater use in agriculture must 288  WASTEWATER GOVERNANCE AND ADOPTION OF RISK-REDUCTION OPTIONS
incorporate decentralization to accommodate thinking at the bottom layer, 
encourage stakeholder engagement and provide coordination and policy cohesion 
for managing risks jointly from both the water and food chains. 
INTRODUCTION
In developing countries, population growth, urbanization and economic 
development result in ever increasing wastewater ﬂows exceeding present capacities 
of management, treatment and proper handling. Many cities, in developing 
countries, are growing at unprecedented rates (4–8 per cent annually), outpacing 
the ability of city managers to cope (Davis, 2006); despite billions invested in 
improved wastewater management, Ujang and Henze (2006) argue that 95 per 
cent of wastewater generated enters the environment with no proper treatment. 
Worldwide, pollution of surface water close to cities, with impacts extending to 
downstream agricultural areas, is evident (Raschid-Sally and Jayakody, 2008; Scott 
et al., 2004). This has resulted in more than 10 per cent of the world’s population 
consuming food that is irrigated with wastewater of varying quality (WHO, 2006). 
Agricultural use of urban wastewater and polluted water more generally represents 
a challenge not only because poor water quality has environmental consequences, 
but also because it is linked directly to the food chain. This situation is likely 
to persist into the future (see Chapter 1) and will undoubtedly expand to new 
areas experiencing urban growth. For better health protection, it is imperative 
to simultaneously address health risks associated with both water pollution and 
food contamination. In fact, this is our interpretation of how best to apply, in the 
contexts of developing countries, the 2006 World Health Organization (WHO) 
Guidelines for the safe use of wastewater in agriculture.
Research compiled by the UN has concluded that the conventional model 
of collection, treatment and discharge of wastewater often fails due to high costs 
and low capacity to pay, problems associated with governance and overemphasis 
on technologically driven processes (UN-Habitat, 2006; Chapter 15 in this 
volume). Such technology-driven, centralized or decentralized systems aim at 
quality levels acceptable to protect the natural environment. This implies that 
developed-country standards are often applied in developing countries whether 
or not there exists the capacity, both financial and institutional, to manage 
systems to meet these standards. While the new WHO Guidelines for the safe 
use of wastewater in agriculture provide the opportunity to tailor standards to 
local requirements, existing institutional arrangements in developing countries 
have problems accommodating them. Furthermore, few wastewater-management 
systems consider agricultural efﬂuent use from the perspective of water and nutrient 
resource recovery, an essential point when addressing environmental and economic 
feasibility. Our paper presents and discusses an alternative paradigm to respond 
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We hypothesize that conventional models of wastewater management do not 
work as they insufﬁciently take into account the downstream users of wastewater 
and do not appropriately value the social, economic and health implications of 
wastewater ﬂows. For this reason, decentralized water services such as closed-loop, 
source separation and other ecological sanitation techniques may have a better 
chance of success, because they rely on principles of integration, prevention and 
resource recovery, rather than treatment and disposal. 
It is indicative to note that the Australian Senate has taken a stand that in 
replacing ageing urban infrastructure, more serious consideration must be given 
to decentralized forms of service provision particularly linked to water recycling 
(Stenekes et al., 2006).
Using a water-chain approach (Figure 14.1) based on systems management 
principles helps to deﬁne which upstream and downstream issues are at stake and 
how they are linked, enabling identiﬁcation of the way in which responsibilities 
are distributed to various stakeholders. The purpose of conceptualizing water 
and wastewater using a systems approach is to allow the succession of events to 
be addressed, from where water is accessed (the source) through the various uses 
(and reuses), to where it is disposed of, which is usually the environment. Thus, 
we contend that such an analytical approach can improve management through 
allowing users to optimize the ways that the resource should be managed (see 
below). Such a management strategy seeks not only to improve water quality 
through sustainable waste treatment, but also responds to user requirements for 
water and nutrients. 
Following a water-chain approach also shows how pollution can affect the food 
that humans consume. Understanding the parallel food chain along the various 
contamination pathways that exist from the farm through the various transportation 
and marketing chains to the consumer would help to facilitate the simultaneous 
improvement of water quality and food quality (see Chapter 12). Risk reduction 
through applying the multiple-barrier approach advocated by the WHO implies 
that interventions could be made partly along the water chain and partly along the 
food chain in order to achieve cumulative risk reduction. Thus, risk management 
would apply a combination of safer irrigation and agricultural practices and post-
harvest food-safety measures, which require different institutional arrangements 
to those currently existing in most countries. Safe and acceptable wastewater use 
would require stakeholder engagement – this has been clearly shown even in 
developed countries, where stakeholder participation has been known to make or 
break a project (Keremane and McKay, 2007; Nancarrow et al., 2008; Stenekes et 
al., 2006; Tsagarakis and Georgantzís, 2003).
Accounting for all of the above, it is argued here that for developing countries 
a new paradigm for wastewater governance, that accommodates agricultural use, 
should be based on four fundamental precepts (discussed in subsequent sections 
of this chapter):290  WASTEWATER GOVERNANCE AND ADOPTION OF RISK-REDUCTION OPTIONS
•  the use of the (reverse) water-chain approach to design wastewater systems;
•  decentralization of wastewater management services and systems;
•  policy coherence and coordination for linking sectors, attributes and costs;
•  stakeholder involvement going beyond acceptance to involvement in 
decisions.
To effect this paradigm change, new institutional arrangements, including better 
coordination and collaboration, will be needed. This requires analysing existing 
institutions (both formal and informal) for wastewater management and food 
safety. Since much of the wastewater use takes place within urban and peri-urban 
areas, a review of the organizations for agriculture and urban planning will be 
required as well as a clear understanding of the balance of power, gaps, overlaps 
and ambiguities within all these sectors. 
Figure 14.1  The water chain: conceptual framework showing  
upstream-downstream links
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THE REVERSE WATER-CHAIN DESIGN APPROACH
Huibers and van Lier (2005), and Huibers and Raschid-Sally (2005) suggest that a 
water-chain approach to link upstream and downstream needs and issues is a helpful 
platform for negotiating and distributing responsibilities of various stakeholders 
along the chain. Despite problems with existing governance arrangements for 
wastewater, there is a considerable beneﬁt to linking the use of wastewater to 
the way it is handled upstream. We further suggest that for sustainability, one 
has to go beyond simply the wastewater chain and establish the links with the 
food-contamination chain as these two are intimately linked via agricultural use. 
In both chains, there is a series of stakeholders that in their actions use the water 
and inﬂuence the quality (positively or negatively) of the water or food product. 
In order to support decision-making and to develop best management practices, 
it is useful to understand the links and relationships between stakeholders and the 
processes they are involved in. 
In the conventional wastewater system, design and management are basically 
top-down. Farmers are passive receivers of polluted water and are often both poorly 
informed on the composition of the water and left out of decisions and negotiation 
within the system. They consequently have no say in how the wastewater is 
handled. The reverse water-chain approach implies that end-users can express their 
preferences on volumes and quality as they relate to intended use, costs and beneﬁts. 
This way, wastewater is considered a resource rather than a waste product.
A key element of this approach is ﬂexibility. Centralized approaches are often 
highly rigid and are designed with little regard to the particular context. Policy 
frameworks frequently specify end-of-pipe quality requirements, without always 
considering end use. Flexibility would allow for more local government discretion 
in standards applied to the use of wastewater for different crops now and those 
envisaged in the future. 
In concept, the water chain resembles a production chain comprising numerous 
actors. Supply-chain management theories suggest optimizing the management of 
a production chain by coordinating the actions of the independent actors in a 
uniﬁed whole (Peterson et al., 2001). Supply-chain management has the following 
characteristics:
•  It is a systems approach that views the supply chain as a whole and manages 
the ﬂow of goods from the supplier to the ultimate customer.
•  It stimulates strategic choices of two or more organizations in a production 
process to join efforts that realize optimal use of resources and converge in 
generating a product.
•  It has a customer focus to create unique and individualized sources of customer 
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Peterson et al. (2001) describe the relationships between the different stakeholders 
of a supply chain and their strategic options. At one end, stakeholders can position 
themselves as spot market buyers or sellers in which they act independently of 
other stakeholders within the supply chain. The other end is described as vertical 
integration where stakeholders recognize a common beneﬁt when they cooperate 
within the supply chain to deliver a satisfactory good to the end recipient. The 
continuum moves from a low to a high intensity of coordination and control. 
Mutual trust is necessary to increase cooperation between agencies when a shared 
goal is pursued (Mentzer et al., 2001). 
Evers et al. (2008) suggest that, when applied to the wastewater generation 
and efﬂuent use process, these principles allow consideration of the system and the 
governance requirements from a different perspective. In applying these principles 
to a case study of peri-urban use of polluted water for agriculture in Hanoi, 
Vietnam, one concludes that Hanoi typiﬁes the situation in many developing cities 
where spontaneous use of wastewater takes place within a management system in 
which each actor acts in a spot market with very few linkages to the other actors 
(Box 14.1). 
Users of an urban wastewater source should be identiﬁed in relation to their 
intended use and conditions should be deﬁned for wastewater supply, such as 
location, storage facilities and quality assurance. This would, in a supply-chain 
approach, lead to a negotiation process, which includes contribution to costs by 
the different stakeholders. In such a system the notion of wastewater swaps can be 
accommodated more easily, leading to more integrated water management.
An integrated approach also creates new ﬂexibilities, as speciﬁc problems 
possibly can be solved in different ways and/or at different places in the chain, either 
in technical design or in the envisaged operation of the system (Huibers and van 
Lier, 2008). At its core, the design process requires the adoption of downstream user 
perspectives in order to be effective. Incorporating user perspectives in wastewater 
management matches recent trends in service delivery to enhance the power of 
service recipients in other domains. For instance, citizen report cards are used in 
Bangalore, India, to monitor service quality, while participatory budgeting is being 
used in several cities as a way to manage investments (World Bank, 2004). Such 
examples only work where there is political will for their adoption.
Moreover, the reverse water-chain approach should be accompanied by 
appropriate cost-recovery mechanisms. For example, if users are to determine, 
design and work with local authorities on the appropriate ways to harness the 
wastewater, the responsible authorities (whether the utility or the local government) 
must be empowered by the central government to develop ways to capture revenue 
from those using wastewater and beneﬁting from these services. Without such an 
accommodation, user-centric design has little hope of being sustainable. CHALLENGING CONVENTIONAL APPROACHES TO WASTEWATER USE  293
BOX 14.1 HANOI PERI-URBAN USE OF  
WASTEWATER FOR AGRICULTURE
Hanoi is the capital and second largest city of Vietnam, with a population of over 3 
million. An important driving force behind this urbanization process was the reopening 
of Vietnam to the world economy in the late 1980s. This reform, locally referred to as 
‘doi moi’, reduced the role of the state and opened up the Vietnamese economy to 
foreign capital. However, the state still plays a key role through a four-level governmental 
structure (state, municipal, district and communal). Each level has its own ‘people’s 
committee’. Institutions at lower levels have to refer their problems to higher levels which 
then give decisions downwards for implementation. This is a time-consuming process. 
Luan and Minh (2005) note that the system lacks synchronized coordination between, 
on the one hand, agencies that make decisions (higher level departments) and, on the 
other, agencies that are responsible for implementation (lower level departments). There 
is also a spatial separation on governance responsibilities of different departments in the 
so-called urban districts and the peri-urban districts of Hanoi municipality respectively. 
In addition, responsibilities concerning the water and food chains are divided among 
different departments (Evers, 2006).
Most urban residents of Hanoi have a ﬂush toilet with a connection to the sewerage 
system where wastewater drains into water bodies within and around the city. A 
minority has functioning septic tanks from which the efﬂuent (septic) is discharged into 
sewer lines and semi-open drainage canals. There is no other treatment of wastewater; 
therefore Hanoi has serious pollution of its ponds, lakes and rivers that serve agriculture. 
With regard to wastewater management, responsibilities are scattered among different 
departments: no department is fully responsible for urban wastewater management 
(see also Raschid-Sally et al., 2004).
Though the physical reality is that agriculture and urban wastewater are linked, the 
institutional reality is that they are strictly separated. Agriculture and irrigation ofﬁcials 
acknowledge the existence of a physical wastewater chain when they are confronted 
with it. However, when asked directly if wastewater is used for irrigation most of them 
say no. This is understandable as in their view the river is the source of irrigation water. 
That this river water is in fact often diluted wastewater is usually not realized or ﬁtting 
their institutional accountability. Department ofﬁcials in Hanoi hardly knew about the 
policies and responsibilities of other departments that are recognized as stakeholders 
of urban wastewater management and agriculture (Luan and Minh, 2005). Farmers 
were also hardly able to name the responsible authorities of the urban wastewater 
chain.
DECENTRALIZATION OF WASTEWATER SERVICE PROVISION 
Much of the argument in favour of decentralization in the management of waste-
water stems from the evidence that: 
•  Centralized systems in developing cities are prone to mismanagement and mal-
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•  Centralized conveyance and treatment are very expensive (UN-Habitat, 2006; 
World Bank, 2004).
•  It is very difﬁcult to provide adequate sanitation infrastructure and administrative 
coverage to peri-urban areas of developing cities due to their rapid expansion 
(UN-Habitat, 2006). 
Above and beyond these arguments, a policy to maximize agricultural use of 
wastewater would further favour decentralized systems. While in a conventional 
design of a wastewater treatment plant its location is based on its (topographical) 
position vis-à-vis the wastewater producers (generally the lowest possible position 
is chosen to guarantee maximum gravitational inﬂow), its optimal location in 
an efﬂuent use perspective would be at a higher level to maximize the irrigation 
command area downstream of the treatment plant. It can consequently be expected 
that optimum use of irrigable area would lead to the decision to site decentralized 
systems. This would also allow selection of locations best suited to control the 
wastewater inﬂow qualities and to exclude toxic-waste streams in the sewerage.
Small towns and peri-urban areas are often excluded from centralized services 
due to decreasing cost-efﬁciency and reasons of administrative/ﬁscal boundary. At 
the same time they are sufﬁciently ‘rural’ to accommodate or support agricultural 
activities. It is here that decentralized service provision that allows for water and 
nutrient resource recovery can have the maximum impact.
There have been numerous pilot efforts to decentralize the physical infrastructure 
for wastewater, often with the objective of increasing water recovery (Bakir, 2001; 
Brooks, 2002; Choguill, 1999). Collective biological treatment systems, household 
wastewater treatment, constructed wetlands and even larger systems such as waste 
stabilization ponds are low-tech solutions that offer promise, both from the 
standpoint of improved water quality and, eventually, reduced health risks for food. 
In relative terms, these systems are quite simple in design and function; as a result 
they present operational, ﬁnancial and managerial advantages.
The 1990s saw a rapid increase in proponents of decentralization of manage-
ment and operational responsibility and power to lower-level authorities. The 
main consideration was to increase the responsiveness of these authorities and 
‘democratize’ governance by increasing public participation (Tannerfeldt and 
Ljung, 2006). A well planned and executed decentralization policy can provide 
a less expensive and better service, and improve water quality in the long term. 
There is broad agreement that decentralization is good practice (e.g. Bahri, 
1999; Coombes and Kuczera, 2003; Maher, 2003). Argentina and Chile have 
had qualiﬁed successes by delegating some operations and management to user 
associations and the private sector. In Mexico, irrigation systems managed by   
user associations have increased cost recovery from 30 per cent to 80 per cent 
(Litvack and Seddon, 1999). In Ghana, the Community Water and Sanitation 
Project allows communities to own and operate their own water and sanitation 
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the target groups respond that their water services have improved (Agodzo and 
Huibers, 2002) while most decentralised wastewater treatment facilities fell into 
disrepair. There are also other examples where decentralization of service provision 
has not been accompanied by appropriate capacity-building, budgeting or ﬁscal 
reforms that allow for local tariff setting and tax revenue collection (Tannerfeldt 
and Ljung, 2006).
There is often confusion about who is responsible and who pays for those 
services (World Bank, 2004). In some cases, municipal authorities have been 
delegated responsibility without the capacity to manage or legal ability to generate 
revenue. This has often led to a collapse in trust between local authorities and their 
constituents and a lack of accountability. One way to mitigate this problem is to 
enhance citizen engagement in decision-making in the context of decentralization 
(Pahl-Wostl, 2005). For instance, participatory budgeting, which is being practised 
in a growing number of cities, allows for a level of citizen decision-making over 
service delivery. Other solutions can be found in better policy coordination between 
the different levels of government at national, state and local levels. 
POLICY COHERENCE AND COORDINATION FOR  
LINKING SECTORS, ATTRIBUTES AND COSTS
Given these broad challenges, for user-centric wastewater management to be 
effective a necessary ﬁrst step is to provide the appropriate legal backing for local 
governments to manage services such as wastewater provision. This would replace 
the driving force of current policy (based on health fears) with a more rational 
approach to how risks can be minimized and wastewater user beneﬁts ampliﬁed. 
By negotiating the conditions of wastewater use, a change is possible in how project 
ﬁnancing and costs are allocated. 
Segregated budgets that allocate ﬁnancing for speciﬁc projects are an important 
tool as opposed to trying to fund multiple activities with a common pool of funding 
(the latter option being open to political manipulation and ad hoc spending). 
Such an arrangement would allow utilities to collect fees from different polluters 
and end-users for the speciﬁc purpose of covering costs for services provided. The 
‘polluter pays’ principle is widely accepted in most OECD countries, for example 
in Brussels, where 30 per cent of the costs of services are paid for through pollution 
charges associated with waste (OECD, 1998). Mexico charges for wastewater 
discharge permits that are effective in raising revenue to cover service costs (Bruns 
et al., 2005). Other mechanisms, such as the widely used increasing block tariff, 
encourage progressive ﬁnancing where there are different cost-recovery mechanisms 
for high-income domestic households producing large amounts of wastewater 
versus low-income, or for large-scale industry versus small-scale commercial. In 
Tunisia, reclaimed water is currently used on 8000ha to irrigate vineyards, citrus 
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crops (alfalfa, sorghum and berseem) and cereals. The regulations allow the 
use of secondary treated efﬂuent for speciﬁc crops and the regional agricultural 
departments supervise the water reuse decree and collection of charges. Farmers pay 
about $0.01 per m3 for the reclaimed water irrigation. In Drarga, Morocco, a public 
participation programme led to the development of an institutional partnership 
between the local water-management stakeholders, the urban water users and the 
farmers’ water-user group (USEPA/USAID, 2004). To increase sustainability of 
the new facilities, an additional fee for domestic water supply was levied and other 
cost-recovery mechanisms were under consideration.
Another challenge for user-centred wastewater management is that due to 
its sensitive nature and its status as a public good, water is most often legislated 
at the national level in terms of planning and rights, while municipal and public 
utilities are left to operate infrastructure services and carry out local planning. 
Two governance prerequisites are needed if the 2006 WHO Guidelines are to 
be implemented effectively. First is the immediate need to coordinate vertically 
between levels of government and horizontally across sectors, and second to link 
water quality with food quality. 
Many national governments have created a multitude of institutions with 
different roles and responsibilities related to water and they often lack effective 
coordination (UN-Habitat, 2006). At the national level, ministries responsible 
for water, agriculture, environment, natural resources, urban development and 
health usually have some responsibility for water. National agencies (with varying 
degrees of separation from the government) will sometimes be charged with 
coordinating legislation, planning and management of the resource. To complicate 
things further, the administration of basic services is often divided amongst three 
levels of government: national, state (or provincial) and local (or municipal). An 
independent regulatory authority is often charged with ensuring appropriate 
pricing and compliance with environmental standards. This complex chain of 
actors might work well when properly funded and with access to the necessary 
expertise; however, in practice these conditions are rarely met. In such situations 
a ﬁrst-level solution would be to set up a coordination body amongst responsible 
institutions which links across levels and sectors (agriculture, public health, urban 
water and sanitation, environment, economy, etc.).
Historically, the agriculture and sanitation sectors were always separate. This 
reﬂects the dichotomy between urban (wastewater disposal) and rural (agriculture) 
practices and management domains. In the new paradigm, governance for drinking 
water and sanitation must better coordinate with governance for agriculture; it is 
imperative to understand what incentives are needed for this partnership to work. 
As an example, the urban–rural link can also be epitomized in wastewater swaps, 
where water diverted from agriculture for urban use is returned to agriculture as 
wastewater (Scott et al., 2007). Such a system requires an appropriate legal and 
management framework that would facilitate negotiation between different user 
groups. CHALLENGING CONVENTIONAL APPROACHES TO WASTEWATER USE  297
Integrated approaches are sometimes discouraged because regulatory responsi-
bility for water management can be contradictory or split across different agencies. 
These agencies sometimes even work at cross-purposes from one another. With 
the multiple-barrier approach advocated by the WHO (2006) for wastewater use 
in agriculture, there is the further need to establish a bridge between water quality 
and food safety. Two different sets of institutions are thus involved. Water quality 
may be the prerogative of the environmental authority or the water authority or 
even sometimes the irrigation authority. Food quality is the responsibility of the 
public-health authorities, who may not necessarily be reporting to the ministry of 
health but rather to a local authority if there has been devolution of power.
At the national level there is a need for ministries and agencies responsible 
for agriculture, urban development, water, health and environment to accept that 
wastewater and pollution management require a cross-sectoral approach. However, 
it is also critical that vertical cohesion between national, state and municipal levels 
of governance be developed. 
STAKEHOLDER INVOLVEMENT
The pre-existing conditions for a change in paradigm are that a large and diffuse 
group of stakeholders is involved, and that no single organization or person has 
the capacity to implement and upscale the ‘technology’ required for sustainable 
wastewater use. The stakeholders differ, depending on whether wastewater use is 
spontaneous or planned, but involve in general: water users, farmers, consumers 
(of food grown with wastewater), national and local level authorities (responsible 
for agriculture, irrigation, sanitation, public health and environment), local level 
planning authorities where the technology will be put in place and various other 
actors with a stake, depending on the context of adoption. 
Increasing recognition of the need for better stakeholder engagement requires 
that water service providers (water providers, wastewater agencies, irrigation 
agencies) consider participatory planning, shifting the attention from public 
acceptance of predetermined technological options towards ways in which that 
public participation can be successfully institutionalized. Participatory institutions 
encourage the development of shared values amongst diverse stakeholder groups 
and lead to innovative solutions for dealing with water management (see Chapter 
18). 
Examples of efforts to close the accountability gap between citizens and those 
that make policy are plentiful, with some notable successes. In Porto Alegre, 
Brazil, participatory budgets have allowed citizens to directly inﬂuence spending 
on services (World Bank, 2004). Such direct inﬂuence over how money is spent 
increases accountability and builds trust between local governments and their 
citizens. In Ghana, a new initiative by the World Bank involves civil society 
umbrella organizations in monitoring water and sanitation projects. Speciﬁcally 298  WASTEWATER GOVERNANCE AND ADOPTION OF RISK-REDUCTION OPTIONS
the National Coalition of NGOs in Waste Management (NACONWAM) will 
monitor the Second Urban Environmental Sanitation Project, and the Coalition 
of NGOs in Water and Sanitation (CONIWAS) will monitor the Urban Water 
Project. This can be seen as a major step in institutionalizing participation. 
DISCUSSION
Surmounting the governance challenges that have so far impeded the effective 
devolution of wastewater management is a tall order. It will require political will 
on the part of elected ofﬁcials and recognition of the inherent value of wastewater 
as a resource. Not least, it will require serious attention to accountability and 
ensuring that those using wastewater services are represented in the planning and 
design phases of solutions. The integration of users in the design and management 
of wastewater collection, treatment and use is the most effective way to improve 
accountability of designers and planners. Furthermore, with direct user engagement, 
planners and engineers would have the information required to develop systems 
that are far more responsive than current ones. 
Good governance of wastewater requires stakeholder engagement at and 
across all the levels of the wastewater chain, although in practice this can be 
difﬁcult. Municipalities are often in charge of basic service provision and play 
an operational role, while water and agriculture often fall under the jurisdiction 
of the state and various ministries. Consistently, it is the ministry of health that 
demonstrates the most reluctance to accept ‘progressive’ standards seeing any 
relaxation from international guidelines as substandard. This also partly explains 
the reluctance of national governments to delegate the appropriate authority to 
lower levels. Given these institutional barriers and the list of failed investments in 
conventional sanitation, the WHO (2006) suggested global health-based targets 
but gives countries ﬂexibility in achieving them according to their possibilities and 
constraints using a step-wise approach (see Chapter 2). This opens the doors for 
central governments to set clear intermediate goals in order for local solutions to 
be implemented.
The advantage of using the combined water- and food-chain approach to 
manage risk is therefore consistent with the 2006 revision to the WHO Guidelines, 
which allows for progressive improvements in sanitation and risk management 
in the absence of full treatment. The model of decentralized systems, which 
presents its own set of challenges particularly in the promise to democratize service 
delivery, is nevertheless proving itself to be a useful solution in an increasing range 
of conditions. It should be at the centre of the new paradigm to manage risks to 
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CONCLUSIONS
The transfer of purely waterborne risks from the wastewater disposal system to 
the food chain through the use of wastewater in agriculture requires a paradigm 
shift in how we approach risk. Furthermore, it requires a fundamental rethinking 
of which viable governance mechanisms can be used to improve risk assessment 
and management approaches. 
The combined water- and food-chain approach that we advocate needs to be 
accompanied by effective decentralization of ﬁnancial and operational control as 
well as technical planning and management. Local governance reform, aid that 
stipulates clear guidelines associated with its expenditure and budgetary reform that 
requires increased stakeholder engagement will be needed. Municipalities could 
thus be seen as enablers and facilitators and not only as implementers.
A further implication is the strong urban–rural linkage that such use 
establishes, which can be addressed through the application of supply-chain 
management theories which try to optimize the management of a production 
chain by coordinating the actions of the independent actors into a uniﬁed whole. 
It follows that policy coherence among different sectors and different levels of 
government would be a central requirement for better wastewater management. 
Planners can use the reverse water-chain approach to identify the intended uses 
of wastewater followed by better understanding of the needs, opportunities and 
constraints they face, leading to better engagement of users in improved wastewater 
management. Recognizing users and the role that they can play in monitoring for 
effective service delivery and ﬁnancial accountability paves the way for ﬂexible yet 
durable institutional frameworks. 
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Designing Reuse-Oriented 
Sanitation Infrastructure:  
The Design for Service  
Planning Approach
Ashley Murray and Chris Buckley
In any ﬁeld of human endeavour, policy-makers and practitioners are 
accustomed by training and experience to thinking within familiar sets 
of parameters, and while aware of the shortcomings associated with 
these parameters, ﬁnd it difﬁcult to step outside them. In principle, 
radical new thinking is always desired but is rarely produced. When 
produced, it often meets with resistance even from those who sought it 
simply because it steps outside those parameters – ‘outside the box’ – of 
preset assumptions, experience and capacity. (SANDEC, 2000, p2) 
ABSTRACT
The reuse or utilization of wastewater, faecal sludge and its embodied resources 
is widely acknowledged in the ﬁeld of sanitation as a key component of complete 
sanitation. Reuse, for agriculture and other applications, is conventionally 
considered a means of mitigating water shortage or abating water pollution. 
We contend that reuse-oriented sanitation can also be leveraged to improve the 
long-term efﬁcacy of a treatment scheme by providing tangible and quantiﬁable 
incentives for sound operation and maintenance that exceed those associated with 
running a disposal facility. The standards that need to be met for agricultural reuse 304  WASTEWATER GOVERNANCE AND ADOPTION OF RISK-REDUCTION OPTIONS
are different from those required for discharge to the aquatic environment. This 
difference requires a change in the design philosophy and can lead to cost savings 
in the type of treatment process, the energy demand and the skills needed for 
operation. So, rather than a more complex system, wastewater treatment designed 
for agricultural reuse can result in a more appropriate plant for developing countries 
striving to enhance access to improved sanitation.
To facilitate a culture of designing site-speciﬁc and reuse-oriented systems from 
the outset of the planning process, this chapter introduces a ﬁve-step planning tool, 
Design for Service (DFS). DFS deﬁnes wastewater as a resource and choices about 
its reuse inform the infrastructure design including site and technology selection, 
and plant scale. We highlight reuse schemes at various stages of implementation 
in South Africa to exemplify difﬁculties faced in the absence of accessible planning 
frameworks. To demonstrate how DFS can be used for rehabilitating schemes 
that have fallen into disrepair and for the design of new reuse-oriented sanitation 
systems, we describe projects that are currently underway in Ghana and China, 
respectively.
INTRODUCTION
The productive use of wastewater, faecal sludge and its embodied resources is 
increasingly considered integral to comprehensive sanitation, the primary goals of 
which are to protect public health and the environment (IWA Sanitation 21 Task 
Force, 2007; UN Millennium Project, 2005). In many regions of the world, reuse is 
driven by scarcity, where a shortage of water and landﬁll space incites non-disposal 
end-use options. In other cases, reuse or capture of embodied resources is practised 
more for environmental reasons. For example, sludge may be applied to farmland 
to replace or complement the use of chemical fertilizers, or anaerobic digestion and 
capture of biogas may be employed to reduce demand for non-renewable energy 
sources at a treatment plant. While these aforementioned drivers of reuse are not 
only rational but valid, in our view, reuse should not only be conceived as an option 
that comes on the heels of wastewater treatment, but as a means of achieving the 
primary goals of comprehensive sanitation. 
Conventional approaches to sanitation and waste disposal see wastewater and 
faecal sludge as environmental and public-health problems; thus, management 
solutions comprise costly means of preparing them for unproductive disposal 
– a fate that will occur regardless of what, if any, treatment they receive. It is no 
wonder that resource-constrained governments seldom rank sanitation high on 
their agendas (Stockholm International Water Institute et al., 2008). However, as 
Jiménez et al. have clearly articulated in Chapter 8, the consequences of inadequate 
sanitation are dire. In the face of the daunting task of improving global access to 
improved sanitation, particularly with the legacy and ongoing record of failed 
waste-disposal schemes, reuse has potential to be leveraged to stimulate robust 
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A reuse-oriented approach effectively shifts the goal of sanitation from being 
solely the safe disposal of waste to maximizing the extent to which embodied 
resources are safely captured and allocated. Recognizing wastewater and faecal sludge 
as resources is the ﬁrst step towards reuse-oriented sanitation, but implementing this 
philosophy remains a challenge, as most engineers and planners have been trained 
to ‘design for disposal’. That is, they are trained to design schemes that convey 
sewage to a centralized treatment plant – often as far from human settlements as 
land availability permits – where it undergoes mechanical, biological and sometimes 
chemical puriﬁcation before discharge to an ocean outfall or surface water. To the 
extent that reuse is incorporated into a treatment scheme, it is often an afterthought 
in the planning process. While there are examples of planned reuse occurring 
around the world, designing for reuse at the outset of a waste-management 
planning process is often seen as a burden and unnecessary complication from 
both technical and institutional perspectives (Bahri, 1999; Jenkins and Sugden, 
2006; Lazarova et al., 2001). When reuse projects fail it is often because they were 
conceived without due consideration of the local institutions, market demand and 
supply chains necessary for them to thrive; planning for reuse from the outset can 
make the system more sustainable.
Another drawback of conventional waste-disposal schemes is that they 
represent an enormous ﬁnancial and skills burden, hence the absence or failure of 
adequate sanitation in many developing cities (UN Millennium Project, 2005). In 
addition, popular technologies such as activated sludge have large environmental 
externalities associated with the energy used to treat the wastewater and with the 
solids produced, which themselves must then be treated and disposed of. When 
designing a treatment scheme for reuse in agriculture, on the other hand, it 
becomes desirable to maintain the embodied nutrients in the water, a factor that 
can signiﬁcantly reduce the capital and operational costs of a treatment system in 
comparison to those required for direct discharge to the aquatic environment. 
This chapter takes the position that treatment schemes designed for reuse 
are more environmentally and economically sustainable as a result of resource 
recovery. Reuse-oriented waste-management systems are able to deliver the public 
and environmental health beneﬁts associated with adequate sanitation, while also 
contributing productively to the local economy and livelihoods. To that end, the 
chapter endeavours to equip the reader (i.e. engineer, planner, local stakeholder) 
with a systematic means of implementing sanitation schemes that utilize the 
resources embodied in waste in ways that are optimized for the local context. 
Design for Service is a five-step planning approach for rehabilitating or 
designing new schemes for reuse, which is intended to facilitate a shift from 
the design-for-disposal to design-for-reuse paradigm. We utilize case studies 
from South Africa to show the types of complications faced by projects that 
retrospectively incorporate reuse and to argue that these difﬁculties are exacerbated 
by the lack of planning tools for reuse-oriented sanitation design. We contend that 
DFS can be used to foster a coherent and deliberate decision-making process, and 
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the context of rehabilitating existing wastewater treatment plants (WWTPs) and 
designing new ones.
CHALLENGES ENCOUNTERED IN REUSE-ORIENTED  
SANITATION PLANNING 
We use three examples of initiatives to implement reuse-oriented sanitation schemes 
in the eThekwini Municipality, South Africa, to demonstrate the challenges 
associated with designing for retrospective reuse in the absence of systematic 
planning approaches. Like many regions of the developing world where population 
growth has outpaced deliberate planning processes, eThekwini ﬁnds itself with 
a diverse array of sanitation systems to manage. To be certain, the eThekwini 
Municipality has a very progressive approach to sanitation both in terms of the 
technologies that the authorities have implemented (e.g. urine-diverting toilets) 
and their pursuit of productive end uses for locally produced faecal sludge. Thus, 
we consider projects that have achieved varying degrees of success to show that even 
where local decision-makers are motivated to implement reuse-oriented sanitation, 
practitioners are not equipped with the planning tools to help ensure successful 
project outcomes. 
The ﬁrst case concerns the emptying of 60,000 ventilated improved pit latrines 
(VIPs) and the efforts underway to identify an effective means of disposing of 
or utilizing the faecal sludge. The pits must be emptied every ﬁve years and the 
costs of doing so can be very high, an economic burden that is borne by the 
municipality (Bhagwan et al., 2008; Gounden et al., 2006). Action-based research 
best characterizes the municipality’s approach to adequate disposal or utilization. 
In more sparsely populated areas, authorities have arrived at a policy of burying 
the pit contents on site. However, in dense settlements there is insufﬁcient land 
for burial and the sludge must be moved off site. Upon determining that discharge 
into the sewer networks (when available in the vicinity) was too disruptive to the 
wastewater treatment plants, the municipality has gone on to experiment with 
several other disposal routes, including trials using chemical or bio-additives 
to enhance the degradation of the pit contents, mixing with lime and limited 
discharge in a domestic landﬁll (Couderc et al., 2008; Foxon et al., 2009). The 
most feasible method to date appears to be deep trenching with trees being planted 
in the trenches. Trials are currently in progress to assess the risk of groundwater 
pollution, the ability of different types of trees and plants to harvest nutrients 
from the VIP sludge, plant growth rates and pathogen die-off rates (including 
that of Ascaris). The whole pit emptying and disposal process has been designed 
to create jobs, employing teams from within the served communities, and most 
of the cost to the municipality for the emptying of the pits is recycled within the 
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On the one hand, it is encouraging that local authorities are invested in ﬁnding 
a sound alternative to the indiscriminate disposal of the VIP contents. On the other 
hand, a systematic planning procedure for designing locally tailored reuse schemes 
would improve the coherence of the design process; it would also provide a protocol 
for including a broader set of local stakeholders in this process. Currently, decisions 
about faecal sludge end use in eThekwini are made independently of the region’s 
larger planning agenda and vice versa. For example, there is a parallel city-wide 
initiative underway to promote woodlots on vacant land to provide livelihoods for 
local people. Some of the intended uses of the trees include paper-making, fuel, 
input into medicinal and natural products, and orchards. Ideally, these woodlots 
would be co-designed for faecal sludge land application and the ultimate end-
users of the faecal sludge would be involved in those decisions as primary woodlot 
stakeholders. However, there is a lack of precedent for such integrated planning 
and only after the woodlots have been implemented and proven successful without 
faecal sludge will the possibility of applying the faecal sludge to these trees be 
explored.
The second case study involves wastewater from a sewered area in Mnini, 
a district of the eThekwini Municipality, which was treated in a pond system 
prior to discharge to the Ngane River. The degree of treatment was insufﬁcient, 
resulting in the degradation of the natural ecology with negative impacts on the 
river’s users. In 2002, two proposals were considered, including one to use the 
outﬂow from the ponds for irrigation. By January 2003, an irrigation system was 
designed by a consultant and was installed. A total of 10,000 banana plants were 
purchased and 75 per cent had been planted by 2005 on 2ha of land. Mango 
plantations are planned for over 2ha and two plots (0.6ha in total but extendable 
to 2ha) have been prepared for vegetables and cash crops. Despite the technical 
viability of this reuse project, the system has never been commissioned due to 
institutional barriers. For example, the irrigation system had been installed prior 
to obtaining permission from all the role-players and stakeholders. The drivers of 
the reuse project did not get permission from the local traditional leader to use 
the land; they did not get permission from local households to install an irrigation 
system and utilize the land for agriculture; they did not get permission from the 
Department of Agriculture to break virgin ground; and they did not secure the 
necessary permits from the Department of Trade and Industry or the Department 
of Water Affairs and Forestry. 
Though well intentioned, the ad hoc and top-down procedure of designing and 
implementing the Mnini reuse scheme is arguably responsible for its failure. Mnini 
is another testament to the need for a systematic planning approach that guides 
practitioners through a process of asking the appropriate questions and engaging 
the appropriate stakeholders – both institutional and individual – to avert failed 
outcomes. Beyond being technically feasible, a reuse scheme must also be socially, 
economically and institutionally robust if it is to be sustained, not to mention if it 
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itself. The complexity and delays that these additional dimensions add to the 
planning process is enough to deter most practitioners from designing for reuse 
at the outset of a sanitation project. Our third case study is an example of exactly 
this tendency. 
Because of the cost and difﬁculties associated with the servicing of the VIPs 
already described, the eThekwini Municipality has opted to install dual vault urine-
diverting (UD) toilets in the rural areas where there is at least 250m2 of empty land 
available for sole use by the householder. The introduction of this sanitation option 
to the previously unserved includes the provision of a free toilet, free water supply 
(9kl/household/month) and hygiene education; the householder is responsible for 
the maintenance of the system (Gounden et al., 2006). Currently, the reuse of the 
faecal solids and urine is not ofﬁcially encouraged (Mnkeni and Austin, 2009). It 
was thought that the introduction of urine diversion is sufﬁciently different from 
normal practice that simultaneously incorporating reuse of the urine and solids 
would distract too much from the goals of improving sanitation and preventing 
open defecation. It was also considered by the municipality that this sanitation 
system would be more sustainable than any of the other choices (Flores et al., 
2009).
One problem that has emerged since dissemination began is a social stigma 
attached to the use of UD toilets at the interface of a sewered area and a UD-toilet-
serviced area. From the perspective of the rural householders, their UD toilets serve 
the same single purpose as the waterborne toilets connected to the sewer network: 
containment of human waste. However, UD toilets are almost unilaterally perceived 
by users as less modern and of lower status than the waterborne equivalent. The 
social reluctance to accept UD toilets could have been eased had proﬁtable and 
productive reuse been incorporated into the project from the start. Let us work 
through a thought exercise. 
What if instead of disseminating UD toilets in the name of sanitation, the 
effort was alternatively promoted to create new earning opportunities for rural 
households? With this conceptualization, improved sanitation would be an 
outcome of the project but not the ultimate goal, and UD toilets would be a means 
for households to proﬁtably exploit the resource value of human waste. Introducing 
the UD toilets as new and improved sanitation inevitably sets the technology up 
for comparison to every other sanitation technology in the vicinity – leading, often, 
to the negative perceptions described above. Conversely, if economic incentives 
were used as the centrepiece of the project (e.g. a scheme could be implemented 
that enables households to sell urine concentrate for phosphate recovery), UD 
toilets may not be perceived by households as inferior, but as completely different 
systems with different purposes. The importance of harnessing the economic and 
agricultural beneﬁts of reuse-oriented sanitation on a large scale has recently gained 
attention as a key element of simultaneously improving food security and access to 
adequate sanitation (Bonzi, 2008; World Agroforestry Centre, 2008). Again, taking 
an end-use and proﬁt-oriented approach to what is traditionally the overt goal of 
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strategies of practitioners. The concept must also be effectively and convincingly 
communicated to end-users and institutional stakeholders. 
The eThekwini Municipality is a leading innovator of sustainable sanitation. 
Their aggressive search for solutions is a necessary response to the health and 
environmental problems that have emerged from the vast number of unserved 
communities. However, from the cases discussed here, we have identiﬁed three key 
issues that an effective planning tool could and must address in order to promote 
a culture of reuse-oriented sanitation in other regions of the world, and to ease 
the implementation of reuse in regions where it is already on the agenda. A useful 
planning framework will: 
•  foster a process for systematically considering and eliminating an exhaustive 
list of reuse options as rapidly and efﬁciently as possible as a coordinated effort 
among all agencies potentially involved in the reuse project; 
•  foster an inclusive planning process where outcomes are tailored to the end-
users of the waste and treatment by-products, and acceptable to all other 
stakeholders; 
•  be accessible to practitioners and quell reluctance to incorporate reuse at the 
outset of a sanitation project.
THE DFS FRAMEWORK
In light of the illustrative case examples just presented, we introduce DFS to 
facilitate a coherent and deliberate decision-making process that fosters a culture 
of designing locally optimized reuse-oriented sanitation systems. DFS is an iterative 
framework (see Figure 15.1) that consists of the following ﬁve steps:
1  Generation of a list of all of the potential ‘services’ (e.g. irrigation, fertilizer, 
energy-generation) that wastewater, faecal sludge and treatment by-products 
can provide.
2  Assessment of the demand for those services in and around the city of 
interest. 
3  Assessment of the business-as-usual performance of the provision of those 
services according to economic, social and environmental indicators.
4  Design of sanitation infrastructure for the provision of that service where it 
can have the greatest marginal impact. 
5  Assessment of the intrinsic environmental and cost characteristics of the tech-
nology options available for rendering the wastewater/faecal sludge/treatment 
by-products suitable for the service of choice.
The last two steps include a life-cycle analysis (LCA) to quantify possible trade-offs 
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A unique feature of DFS is its grounding in the user-centred design philosophy 
(Norman, 1990), where sewage and sludge are conceptualized as a product and 
attention to the needs and limitations of its end-user(s) drives the design of 
the handling scheme. If reuse is to incentivize and motivate robust sanitation, 
wastewater and faecal sludge handling schemes must respond to local market 
demand for the embodied resources, and be sensitive to social norms surrounding 
their use. 
The intended reuses of sewage and its embodied resources inform technology 
selection, site selection and scale, such that the scheme is tailored to the needs of 
the end-user while also meeting the needs of households and other stakeholders. To 
that end, DFS contains many of the characteristics that the sanitation community 
has deemed critical for a useful sanitation planning tool: it is technology-neutral, it 
fosters inclusion of multiple stakeholders in the city (e.g. households, entrepreneurs, 
government ofﬁcials) and it is demand-driven (IWA, 2008; IWA Sanitation 21 
Task Force, 2007; SuSanA, 2008). 
APPLICATION OF DFS FOR REHABILITATION OF  
SANITATION SCHEMES: GHANA CASE STUDY
Though it is ideal to design treatment plants for reuse at the outset of the planning 
process, DFS can be used for retroﬁtting existing plants for reuse and for rehabili-
tating facilities that have fallen into disrepair. One drawback of retroﬁtting an 
Figure 15.1  Schematic of Design for Service (DFS) sewage treatment planning 
framework and corresponding methods
                                    Step             Method
Based on literature review of full-scale case 
Analysis of local production/use (interviews, government 
statistics); market analysis; optimization modelling  
Gap analysis between existing and potential 
performance using optimization modelling; ecosystems 
impact assessment; analysis of institutional stability and
user satisfaction
 LCA; mathematical modelling; economic cost–benefit 
analysis; determination of realistic and necessary 
institutional and user change
Process-based LCA in combination with social and 
institutional indicators
1. List of services that wastewater and/or wastewater 
treatment by-products can provide 
2. Assessment of demand for those services in city of 
interest
3. Assessment of performance of ‘business as usual’ 
provision of above services
4. Design wastewater infrastructure to improve the 
sustainability of those services with lowest performance
5. Assessment of intrinsic sustainability of wastewater 
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existing facility is that it may be harder to ﬁnd a productive end use for all of the 
efﬂuent or treatment by-products – even with storage – due to circumstances of 
the plant’s location and scale. Applying the DFS approach will help reveal reuse 
opportunities that take maximum advantage of the waste and the remainder will 
have to be adequately treated to meet the local requirements for environmental 
discharge.
Ghana is one location where we believe using DFS to rehabilitate treatment 
plants has great potential for improving the country’s sanitation outlook. In fact, 
Ghana is not unique; the features that characterize the sanitation sector are similar 
for many cities of the developing world as highlighted above for the cases in South 
Africa. Many of the existing sanitation facilities in Ghana are in disrepair and 
only 10 per cent of the approximately 70 wastewater and faecal sludge treatment 
plants function as planned (Murray and Drechsel, 2009). Much of the failure can 
be traced back to limited institutional and ﬁnancial capacity, but we argue that 
insufﬁcient support for operation and maintenance persist due to the lack of easy-
to-quantify and tangible beneﬁts associated with treatment. 
We are using the DFS approach to evaluate the market potential of wastewater, 
faecal sludge and treatment by-products, and to design sanitation schemes that 
foster linkages with the private sector and/or other beneﬁciary groups. The market 
demand for efﬂuent and by-products, which can be harnessed via payment or in-
kind exchange (see Box 15.1), should provide incentives for robust operation and 
maintenance of waste treatment and handling systems that far exceed the incentives 
associated with running a facility that is dedicated strictly to disposal. 
BOX 15.1 DFS APPLICATION FOR REHABILITATING THE FAILED 
WASTEWATER TREATMENT PLANT AT PRESBYTERIAN BOYS 
SENIOR SECONDARY SCHOOL, ACCRA, GHANA
Background: the treatment plant at the Presbyterian Boys Senior Secondary School 
(Presec) was built in 1976 and serves a population of approximately 2000 students and 
faculty members who live at the school. The ﬂow is approximately 100m3/day. 
What are the services that wastewater and treatment by-products can 
provide?
The services that have the most practical application in Ghana include:
•  biogas generation for cooking fuel;
•  efﬂuent for urban irrigation (and to offset commercial fertilizer);
•  land application of treated (e.g. digested, dried or composted) sludge as a fertilizer 
and soil conditioner in urban agriculture;
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What is the local demand for the services that wastewater and sludge 
can provide?
Since the treatment plant already exists on the Presec campus, the geographic scope of 
our demand assessment is necessarily narrowed to the close proximity of the facility. 
Based on a site visit and conversations with the school’s headmaster, we estimate that 
there are 8ha of cultivated land on the school property and adjacent to the treatment 
plant. To calculate the irrigation demand of this parcel under proﬁt-maximizing conditions, 
we built a quadratic optimization model using water demand estimates from the FAO’s 
CROPWAT programme, which are tailored to the local climate and soil conditions (Water 
Resources Development and Management Unit, 1992). According to the results of the 
model, the annual water requirement to maximize proﬁt is approximately 31,000m3. 
In addition to assessing the irrigation capacity of the surrounding land as a proxy 
for demand, it is also critical to assess the social and economic demand for the service, 
as this will reveal the extent to which designing the plant for irrigation can incentivize 
effective operation and maintenance of the treatment plant. With respect to existing 
ﬁnancing, the plant is owned and operated by Presec and serves strictly the school’s 
population; no user fees are collected. The farmer who cultivates the land is the head 
of the agriculture department at Presec and he expressed a strong desire for access to 
water for irrigation, noting that his yields were severely crippled without it. He remarked 
that he would have several potential customers for his surplus crops and believed 
that the access to irrigation would also support current efforts to engage students in 
farming. The revenues from surplus crop sales could potentially be put towards the 
operation and maintenance of the treatment plant. 
What is the status of irrigation on this parcel? 
While the land is currently cultivated, it is entirely rain-fed because the farmer has no 
access to water for irrigation. According to our model, gross proﬁt (i.e. excluding any 
additional labour costs or other inputs) could increase by up to 130 per cent if the full 
demand for irrigation water was met.
How can we redesign the existing treatment plant to optimally irrigate 
the adjacent farmland?
Since efﬂuent ﬂows at a fairly steady rate year-round and irrigation requirements 
will ﬂuctuate, storage reservoirs will need to be built. According to the results of our 
optimization model, which is built for ease of use by sanitation planners, the maximum 
accumulation of efﬂuent should be approximately 16,000m3 per year; a more in-depth 
analysis of the daily wastewater ﬂow and its temporal ﬂuctuations, as well as discussion 
with the farmer regarding his intended cropping patterns, will also be used to inform 
the storage needs. 
The layout and size of the storage reservoir(s) will depend on the land topography 
and availability, the needs of the cultivators and the crops that will be irrigated in light of 
meeting WHO water-quality standards. For ease of irrigation, it may make most sense 
to have several reservoirs connected by small overﬂow pipes scattered throughout 
the farmland. Crops planted around the last reservoir in the series could be those that 
require higher efﬂuent quality standards (e.g. crops eaten raw) because that water 
would have the longest retention time (and thus pathogen reduction), while crops 
planted around the reservoirs at the beginning of the series (i.e. with a high pathogen 
concentration) could be ones with less stringent standards (e.g. wheat and maize, that 
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What are the trade-offs among different technology options for 
rendering the efﬂuent safe for irrigation?
According to the plant’s design, wastewater at Presec should ﬂow through a primary 
settling tank after which the ﬂow should split between two trains in parallel, each 
consisting of an aeration tank and a ﬁnal settling tank. The ﬂow should then converge 
for chlorination prior to discharge to a small stream and underground pipe. Sludge 
should be discharged to two sludge drying beds. Although wastewater is currently 
ﬂowing through the facility, the plant has little to no operational capacity. One train 
is not in use and the remaining aeration tank has gone anaerobic since the aerators 
were stolen. The water is not being chlorinated and the sludge must be manually 
removed from the tanks. For our initial analysis, we have narrowed our consideration 
of different treatment technologies to those that could be incorporated into the existing 
infrastructure scheme. 
To improve the economic and environmental sustainability of the system, re-
implementing aerobic treatment is not indicated because of its high operational cost 
and indirect greenhouse gas emissions. As a rule, tanks that are designed to be aerobic 
are too small to be converted to anaerobic tanks that achieve the same treatment 
performance. It will be necessary to monitor the daily ﬂow and inﬂuent quality to 
determine how much larger the tanks must be to effectively operate anaerobically, if at 
all. Chlorination is also undesirable for efﬂuent used in agriculture; however, adequate 
pathogen removal is critical. Pathogen removal will be achieved with the installation of 
a maturation pond, on-farm holding reservoirs and/or a low-cost ultraviolet disinfection 
system; the logistical and economic trade-offs between these options will inform the 
ﬁnal decision. 
APPLICATION OF DFS FOR DESIGN OF NEW  
SANITATION SCHEMES: CHINA CASE STUDY
The full potential of DFS is best realized when it is applied to guide the planning 
and design process of a new treatment plant. Experiences from a number of reuse 
projects show that outcomes are far superior when collection, treatment and reuse 
are integrated into a single planning process (Lazarova et al., 2001). Where DFS 
is applied at the outset, a treatment plant’s precise location and scale (i.e. the 
decision to build one centralized plant or several smaller plants) can be optimized 
for the intended end uses of the efﬂuent and treatment by-products. Although 
designing for reuse adds additional variables to the conventional design for the 
disposal planning approach, and these are likely to require more time and resources 
to address, DFS is intended to help stakeholders navigate the more complicated 
planning and design process. We believe that the long-term beneﬁts of a reuse-
oriented design will far outweigh the upfront costs. Box 15.2 provides an example 
of an application of DFS in China to design an irrigation-oriented wastewater 
treatment scheme for the peri-urban district of Pixian. Local planners and decision-
makers could similarly use the tool and results to tailor their wastewater treatment 
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BOX 15.2 DFS APPLICATION FOR DESIGNING A  
REUSE-ORIENTED WASTEWATER TREATMENT SCHEME  
FOR AN UNSERVED REGION OF THE PERI-URBAN DISTRICT, 
PIXIAN, CHENGDU, CHINA
Background: the peri-urban district of Pixian, with a population of almost 500,000, 
is located in the Chengdu municipality, Sichuan Province, China. Pixian is in an 
environmentally sensitive location, sandwiched between the urban core of Chengdu to 
the southeast and Dujiangyan to the northwest, which is the source of the municipality’s 
water; thus, 80 per cent of Chengdu’s water passes through Pixian. Of the approximately 
25,000m3/d urban wastewater generated, about 30 per cent is treated and the 
remainder is discharged to surface waters. Expanding wastewater treatment is a local 
priority, though one that is hindered by limited ﬁnancial resources. 
What are the services that wastewater and treatment by-products can 
provide in and around Chengdu?
The services that have the most practical application in Chengdu include:
•  biogas generation for cooking fuel or conversion to electricity at larger-scale 
plants;
•  wastewater efﬂuent for peri-urban irrigation (and to offset commercial fertilizer), 
urban landscape, toilet-ﬂushing and industrial cooling;
•  land application of treated (e.g. digested, dried or composted) sludge as a fertilizer 
and soil conditioner in urban agriculture;
•  use of sludge as an alternative fuel in industrial processes, particularly cement 
manufacturing where the non-combustible material is incorporated into the clinker.
What is the local demand for the services that wastewater and sludge 
can provide?
Urban settlements are growing rapidly in Pixian, yet the population is still 75 per cent 
rural and more than half of the residents depend on farming for their livelihoods. There 
are 21,000ha of irrigated farmland in Pixian and cultivated crops include a variety of 
grains, vegetables, fruits, ornamental ﬂowers and herbs used in traditional Chinese 
medicine. Reuse of treated efﬂuent for local agriculture is a logical means of managing 
urban nutrients and bridging urban and rural settlements for mutually beneﬁcial ends. 
With respect to the productive end use of sludge, two options appear promising 
based on local market demands: end use as a fertilizer or end use as an alternative fuel 
in cement manufacturing. According to government statistics, farmers in the district 
apply approximately 900 tons of nitrogen (as N) and 300 tons of phosphorus (as P) as 
fertilizer each year. The nutrient content of sludge generated by WWTPs in the region 
averages 30kg of nitrogen and 10kg of phosphorus per dry ton, thus local demand for 
fertilizer is not a limiting factor. Alternatively, the sludge could be delivered to the Lafarge 
cement plant in Dujiangyan, which has the capacity and willingness to accept up to 
140 wet tons (at 20 per cent dry solids) of sludge and a substantially larger volume of 
dry sludge (≥90 per cent dry solids) per day for use in their cement kilns. Based on the 
sludge-generation rates for existing WWTPs in Chengdu, Lafarge could accommodate 
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What is the business-as-usual performance of irrigation in Pixian? 
A performance assessment was developed to evaluate irrigation based on economic 
indicators, spatial equity, farmer satisfaction and the extent to which the irrigation 
scheme serves or hinders regional water-management goals and objectives. We built 
a quadratic simulation and optimization model, similar to that for Ghana, to measure 
agricultural proﬁtability and equity; surveyed farmers throughout the district to assess 
their perceptions of the quantity and quality of their irrigation water; and conducted 
policy analysis and key informant interviews to understand regional water-management 
goals and objectives. Based on the results of the model, a location effect is evident, 
where farmers at the tail of the canal have lower yields per area of cropland than those 
at the head because of more limited access to water. There is up to an 18 per cent 
lower maximum proﬁt between the head and tail of the irrigation systems. Supporting 
this ﬁnding, insufﬁcient water quantity was reported by over 70 per cent of the surveyed 
farmers for the months between November and March. Colour, foul smell and turbidity 
were reported as problems by a large percentage of survey respondents across all 
irrigation systems: 58 per cent reported mild to severe colour (n = 39), 45 per cent 
reported mild to severe odour (n = 38) and 68 per cent reported mild to severe turbidity 
(n = 39). Farmers’ dissatisfaction with irrigation water quality should enhance the appeal 
of using treated efﬂuent for irrigation. 
Despite farmers attesting to inadequate water quantity, it was determined that the 
existing irrigation scheme puts a heavy burden on surface-water ecosystems due to its 
water intensity. One priority of the Chengdu government is to improve surface-water 
quality in Chengdu from Class V to Class III on the Chinese water quality scale by 2010, 
and modelling done by a third party consulting ﬁrm has shown that this will require 
increasing the ﬂow of water in the rivers (Beijing Ecosimulation Technology Company, 
2004). 
How can we design wastewater treatment in Pixian to optimally 
contribute to irrigation and also contribute to a broader set of local 
priorities?
The model was used to conduct a comparative analysis between yields under the 
existing irrigation scheme and those that could be expected by either supplementing or 
replacing the current irrigation-water supply with treated wastewater. The designs of the 
alternative scenarios were informed by the volume of wastewater generated by urban 
settlements in the immediate vicinity. According to the results of the analyses, there 
are opportunities to use efﬂuent to improve the equity of irrigation; efﬂuent could be 
released into the lower reaches of an irrigation system to increase the volume of water 
available to those farmers. Alternatively, efﬂuent could be used to replace surface-water 
diversion as a source of irrigation. 
For each scenario, we quantiﬁed the impact on farmer proﬁts compared to the 
base case; characterized likely changes in cropping patterns under proﬁt-maximizing 
conditions; and, where efﬂuent was used to replace existing irrigation, we quantiﬁed 
the volume of surface water that could be conserved. Wastewater generated in towns 
along the irrigation canals could be used to offset upwards of 50 per cent of the current 
surface-water diversion for an individual canal, at a loss ranging from 1–10 per cent 
in farmer proﬁts. Alternatively, wastewater could be used to supplement the irrigation 
water in this system in order to halve the location effect between farmers at the head 
and tail of the canal, and to increase proﬁts earned by downstream farmers by nearly 
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decision-makers, whether their priority is improving the economic well-being of farmers 
or mitigating the burden of water diversion on aquatic ecosystems.
What are the trade-offs among different technology options for 
rendering the efﬂuent safe for irrigation?
Medium- to large-scale wastewater treatment plants that use activated sludge are 
becoming the norm in China; in the Chengdu municipality there are more than 20 
such treatment plants. With respect to sludge treatment, one plant is equipped with 
anaerobic sludge digesters and the biogas is ﬂared; the remaining facilities dewater 
the sludge before disposal at a landﬁll site. Life-cycle analysis was used to present 
the environmental and economic costs and beneﬁts of an array of technology options, 
including  conventional  and  natural  systems.  For  conventional  systems  treating 
wastewater for irrigation, designing schemes to minimize nutrient removal can lower 
the capital and operating cost of a system that is designed for disposal. Furthermore, 
adding anaerobic sludge-digestion to a conventional process and capturing the 
biogas for on-site use can lead to substantial long-term cost savings and reductions in 
emissions. We calculated the payback time for a boiler to convert biogas to electricity 
at an existing plant in Chengdu to be less than one year. Waste stabilization ponds are 
an attractive option from an economic and environmental prospective but in urbanizing 
areas the land requirement can be prohibitive. 
CONCLUSIONS 
This chapter has argued that reuse-oriented sanitation can provide greater environ-
mental and economic beneﬁts than conventional, disposal-oriented wastewater/
faecal sludge management. However, effectively planning and implementing 
such systems is often difﬁcult given local-level expertise, norms and institutional 
constraints. In particular, the three cases from South Africa demonstrated that in 
spite of the urgency to solve some of these problems ﬁrst, a reuse approach was 
adopted. This was made even more difﬁcult due to a lack of systematic design 
processes for implementing wastewater/faecal sludge management schemes that 
incorporate reuse for agriculture. Properly managed, however, such schemes can 
provide both employment and revenues associated with the productive use of 
the treated waste. The success of these schemes depends on close understanding 
and collaboration between urban planners, sanitation experts and agricultural 
extension workers from the beginning of the planning process. Simply relying on 
assumptions about market demand and cost sensitivity for new materials may not 
provide sufﬁciently accurate information for the feasibility assessment and design 
of a reuse scheme. 
The DFS planning approach was introduced as an accessible and logical 
planning framework for facilitating the design and implementation of reuse-
oriented systems. Working through DFS should yield a plan for urban wastewater 
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mitigating public and environmental health risks associated with indiscriminate 
discharge, but by utilizing the resource potential of human waste in ways that have 
the greatest local beneﬁt. Among other potential institutional and ﬁnancial barriers 
to employing DFS, the absence of incentives or platforms for multi-stakeholder 
communication and cooperation and one-size-ﬁts-all efﬂuent standards may hinder 
its effective use. 
When these challenges are overcome, the example applications of DFS in 
Ghana and China show the approach can applied for the rehabilitation of existing 
facilities or for the design of new treatment plants. However, to maximize the 
efﬁciency and beneﬁts of reuse, decision-makers are encouraged to incorporate 
reuse at the outset of a planning process whenever possible.
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Facilitating the Adoption of  
Food-Safety Interventions in the 
Street-Food Sector and on Farms 
Hanna Karg, Pay Drechsel, Philip Amoah and Regina Jeitler
ABSTRACT
This chapter discusses the implementation challenges of the WHO Guidelines 
on safe wastewater use pertaining to the adoption of the so-called ‘post-treatment’ 
or ‘non-treatment’ options, like safer irrigation practices or appropriate vegetable-
washing in kitchens. Due to limited risk awareness and immediate benefits 
of wastewater irrigation, it is unlikely that a broad adoption of recommended 
practices will automatically follow revised policies or any educational campaign 
and training. Most of the recommended practices do not only require behaviour-
change but might also increase operational costs. In such a situation, signiﬁcant 
efforts are required to explore how conventional and/or social marketing can 
support the desired behaviour-change towards the adoption of safety practices. 
This will require new strategic partnerships and a new section in the WHO 
Guidelines. This chapter outlines the necessary steps and considerations for 
increasing the adoption probability, and suggests a framework which is based on a 
combination of social marketing, incentive systems, awareness creation/education 
and application of regulations. An important conclusion is that these steps require 
serious accompanying research of the target group, strongly involving social 
sciences, which should not be underestimated in related projects. 320  WASTEWATER GOVERNANCE AND ADOPTION OF RISK-REDUCTION OPTIONS
INTRODUCTION
As African cities experience urbanization and globalization, they face development 
challenges coupled with cultural changes. Eating patterns, for example, tend to 
shift from traditional dishes towards fast food, often consisting of rice, poultry 
and salad, which is supplied by a booming but largely informal street-food sector 
providing employment and inexpensive food for urban dwellers (Maxwell et al., 
2000; Nicolas et al., 2007; WHO, 2004). 
The development challenges relate to the slow pace of urban infrastructure 
expansion, such as sanitation facilities, which results in widespread environmental 
pollution (Raschid-Sally and Jayakody, 2008). The street-food sector is especially 
affected, not only by the unsanitary operating conditions, but also by the quality 
of vegetables that are produced with highly contaminated surface water (Obuobie 
et al., 2006). The development of the sanitation sector in developing countries still 
faces a variety of challenges, hence time is needed before farmers and consumers 
can fully rely on wastewater treatment to safeguard water quality. As an interim 
measure, the WHO (2006) recognized that other options aside from or in addition 
to treatment of wastewater, such as on-farm water treatment, safer irrigation 
practices or careful vegetable-washing, can signiﬁcantly contribute to health-risk 
reduction. 
This focus on additional non- or post-treatment options can actually increase 
security through more diversiﬁed health-risk reduction control points (the ‘multiple-
barrier approach’). Farmers using polluted water, traders buying and selling 
contaminated crops and the private or commercial kitchens preparing raw salads 
play key roles in this system, which is based on the principles of hazard analysis 
and critical control points (HACCP) (Box 16.1). The challenge of the system is its 
successful application in a low-income, low-resource and low-education context, as 
typically found in sub-Saharan Africa, which shows the largest discrepancy between 
what is needed and what is experienced.
The main challenge in the food-safety sector is bridging the gap between 
theoretical approaches and their applicability on the ﬁeld. Two basic areas of 
intervention are usually required: the ﬁrst one is the provision of appropriate 
infrastructure (such as sanitary facilities in markets) and the second is behavioural 
change among the stakeholders of the critical control points identiﬁed for health-risk 
reduction. Whereas the provision of infrastructure offers a promising intervention 
area, the behavioural change of farmers, traders and consumers still constitutes 
a pristine research ﬁeld in the context of ‘wastewater irrigation’, despite the fact 
that behaviour-change concepts are largely developed and have increasingly been 
applied in the sanitation and hygiene sector. 
This chapter tries to outline a possible pathway to facilitate behaviour-change 
towards safer irrigation and food-handling practices, mostly drawing on the 
example of studies carried out by the International Water Management Institute 
(IWMI) with its partners in Ghana (see also Chapters 10, 12, 13 and 17). Methods ADOPTION OF FOOD-SAFETY INTERVENTIONS  321
used to analyse options for triggering a behaviour-change include literature surveys, 
expert interviews, street surveys, focus group discussions, observations, training 
sessions and a variety of knowledge sharing activities (Amoah et al., 2009; Karg, 
2008; Keraita et al., 2008).
The approach used was highly iterative between empirical and conceptual 
perspectives. The groups targeted for behaviour-change in Ghana were: farmers 
(who induce most crop contamination through the use of highly polluted water); 
and restaurants, in particular street-food restaurants, where more than 90 per cent 
of the wastewater-irrigated salad crops are served (Amoah et al., 2007a, 2007b).
CHANGING APPROACHES TO UNDERSTAND BEHAVIOUR-CHANGE 
In the past, many health-promotion campaigns were based on educating people 
about the threat of disease in order to change their behaviours (Nutbeam and 
Harris, 2004). However, there is little evidence that approaches based on health 
education have had the anticipated impact, in particular in developing countries 
(Burgers and Boot, 1988; Scott et al., 2007). Some programme evaluations show 
that knowledge has indeed increased but without resulting in behaviour-change 
(Favin et al., 2004). The reasons might be many, including that ‘old habits die 
hard’, especially if the beneﬁts are not immediately visible or if they are only of 
indirect concern. In addition, the manner of conveying an educational message 
can steer its success or failure, especially if it does not match local perceptions and 
BOX 16.1 HAZARD ANALYSIS AND  
CRITICAL CONTROL POINT SYSTEM
The management of microbiological hazards in the street-food sector builds on the use 
of tools such as quantitative microbial risk assessment (QMRA) and the HACCP system. 
Sound microbiological risk assessment provides an understanding of the nature of the 
hazard and is a tool to set priorities for targeted interventions at critical control points 
along the value chain of, for example, vegetables eaten raw.
Related strategies for improving street-food safety should be based upon studies 
of the local street-food system and may include consideration of:
•  policy, regulation, registration and licenses;
•  infrastructure, services and vending-unit design and construction;
•  training of food-handlers;
•  education of consumers.
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(risk) knowledge (Martinsen, 2008). For example, food-safety posters developed 
in the USA used symbols for bacteria and slogans, like ‘ﬁght bac’ which the focus 
groups under study in Ghana did not understand. 
New knowledge does not instantly result in new practices as they might be 
too difﬁcult, too expensive, too time-consuming, or be opposed by other people 
(UNICEF and LSHTM, 1999). For interventions to be successful, and this extends 
also to the promotion of interventions, it is important to investigate the target 
groups’ knowledge and perceptions beforehand.
PERCEPTIONS OF CLEAN, SAFE AND DIRTY
Curtis (1988) has underlined the importance of recognizing the strong social 
dimensions of hygiene in developing countries. Hygiene and related risk assessment 
are thus approached as social phenomena based upon culturally determined ideas. 
Dirt-avoidance was a desirable behaviour long before the discovery of bacterial 
disease transmission, thus hygiene is not only about the removal of germs (Curtis, 
1988). Similar ﬁndings are documented in the work of van der Geest (1998), 
an anthropologist who found that, in Ghana, dirt is seen as much more than a 
potential health risk and can be equally perceived as physical and moral decay, 
whereas cleanliness stands for physical and moral attractiveness – in Ghanaian 
English cleanliness is often referred to as ‘neatness’, a term indeed often appearing 
in local street-food surveys. 
Perception studies in Ghana targeted farmers and staff of street restaurants to 
gain a better understanding of opportunities and constraints for behaviour-change 
(Box 16.2) (Karg, 2008; Keraita et al., 2008; Rheinländer et al., 2008). Such 
participatory studies with the target group (see also Chapter 17) are an important 
step to understanding what could facilitate the adoption of innovations (Chambers 
et al., 1989). 
BOX 16.2 PERCEPTIONS OF STREET-FOOD SAFETY  
IN URBAN KUMASI, GHANA 
Although both vendors and consumers demonstrated basic knowledge of food safety, 
the food-quality (including safety) criteria used by the two groups did not emphasize 
basic hygiene practices such as handwashing, cleaning of utensils, washing of raw 
vegetables and efﬁcacy of disinfectants. Instead, the main food-selection criteria related 
to: aesthetic appearance of the food and food stand; appearance of the food vendor; 
interpersonal trust in the vendor; and price and accessibility of food (Probst, 2008; 
Rheinländer et al., 2008). However, it was also observed that pressure on vendors to 
improve the clean appearance of vegetables can result in a prompt response (Drechsel 
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TRIGGERING BEHAVIOUR-CHANGE
If behaviour-change, i.e. the adoption of recommended practices, is the target, 
one must understand which internal or external factors in the local context might 
trigger or hinder it. A supporting internal factor can be increased awareness about 
health risks. A supporting external factor can be a credit programme or enforced 
regulations and controls. The fact that it is hard to shed old habits certainly poses a 
signiﬁcant internal barrier. Other barriers are the investments required or potential 
losses. Some safer irrigation practices, like furrow or drip irrigation, might reduce 
cropping density and yields. Similarly, the cessation of irrigation, even if only for 
two or three days, can reduce yields as the hot weather in Ghana calls for daily 
watering (Drechsel et al., 2008). Also more effective vegetable-washing in kitchens 
would require some investments in, for instance, bleach or chlorine tablets, so there 
may be a cost restraint.
In short, several of the recommended non-treatment or post-treatment 
practices to increase the safety of wastewater-irrigated vegetables require extra 
efforts or inputs without a tangible direct beneﬁt unless consumers pay more for 
safe produce. However, although there is a general demand for safe food, the risk 
awareness is too low to stimulate any signiﬁcant willingness to pay (Box 16.3).
BOX 16.3 WILLINGNESS TO PAY FOR SAFER VEGETABLES
In an accompanying FAO-IWMI-supported study in Ghana’s major cities of Accra and 
Kumasi, the willingness to pay (WTP) for safer vegetables was explored, based on a 
sample of 300 individual consumers purchasing food with green salads or green salad 
alone from roadside food vendors and restaurants. 
The results indicate a monthly average income of about US$280 of which US$5.50 
is spent on the salad component. About 95 per cent of the sampled consumers are 
willing to pay for safer salads. However, the additional amounts are low. Extrapolated 
for the month, the consumer is willing to pay about US$0.40 more, a ﬁgure which varied 
to some extent with age, income and related educational level, and is slightly lower 
than the 10 per cent increase reported from a similar study in Vietnam (Simmons and 
Scott, 2007). 
Source: Yahaya and Kinane (2009)
In such a situation, social marketing options should be explored to catalyse 
behaviour-change. While commercial marketing ultimately seeks to generate 
proﬁt for a private interest, social marketing seeks to inﬂuence a target audience 
to voluntarily accept, modify or abandon behaviour for the beneﬁt of individuals, 
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marketing principles and techniques, such as customer orientation, marketing 
research, and the use of the marketing mix (Figure 16.1). The concept has been 
tested in the sanitation sector as well as in public health (Grier and Bryant, 2005; 
Martinsen, 2008; Siegel and Doner Lotenberg, 2007).
Marketing approaches in general are considered a promising alternative to 
traditional (educational) approaches to change people’s behaviours, i.e. instead of 
being supply driven (providing knowledge and materials), marketing approaches 
support a demand-driven change, thus are more consumer-oriented. 
In the Ghana case, farmers might eventually change their behaviour for other, 
also intangible incentives, like less pressure from authorities and the media that 
their current practices are bad for public health (Box 16.4). Also greater tenure 
security could facilitate, for example, investments in on-farm treatment ponds. 
Figure 16.1  Description of the four ‘Ps’ when used in social marketing
Source: Martinsen (2008)
Product
The social product can either represent an 
idea, a practice or a concrete object which 
should be marketed. The idea can be: 
-  a belief (‘handwashing will protect 
my children’), 
-  an attitude (‘planned babies are 
better cared for than babies from 
accidental pregnancies’) 
-  a value (‘all humans have equal 
rights’).
The practice can be an act (immunization, 
building latrines) and the repeated act turns 
into behaviour (washing vegetables, using 
the latrine, washing hands, using a 
condom). 
The tangible product required could be 
chlorine tablets, a latrine, condom, soap, 
etc.
Price
Price is measured in both monetary and non-
monetary terms. Time, effort, change in life 
style, etc., all affect true cost. 
The monetary price serves several functions to 
determine the product’s accessibility, 
discourage or encourage demand and attribute 
product value. 
In social marketing, non-monetary costs like 
time and perceived risk are often more critical 
than product price.
Place
The social marketing placement/distribution 
objective has to make sure access to the 
product is as convenient as possible for the 
target group. 
This could include more and closer 
locations, extended hours, improving the 
appearance of the location, and making the 
performing of the desired behaviour more 
appealing.
Promotion
Communication and promotion involve 
persuasion to influence attitudes and/or 
behaviour. In order to persuade the target 
person or group, one must capture their 
attention from other competing sources. 
The traditional promotional tools in marketing 
include advertising, personal selling, publicity 
and sales promotion. 
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In Vietnam, farmers could apply for ﬁnancial support if they were interested 
in growing safe vegetables. They were asked to pay 80 per cent back when they 
returned a proﬁt (Simmons and Scott, 2007).
In many cases, supporting a desired behaviour-change alone is not enough 
because at the same time the current alternative to the suggested practice needs 
to be fought. Thus, the most effective approach might be a mix of incentives and 
disincentives. 
NEED FOR APPLIED RESEARCH 
The important part of both commercial marketing and social marketing is to 
identify the conditions that can make one and/or the other work. In the case of 
wastewater and food safety, this means analysing: 
•  whether safer practices would directly pay off by either improving production 
or reducing production costs;
•  whether safer practices would eventually pay off due to an increased willingness-
to-pay by consumers and traders; 
•  whether there are other triggers and incentives which could change behaviour 
and how best to instigate and build on them, while avoiding change barriers.
While the ﬁrst two studies require conventional economic analysis (farm cost–
beneﬁt analysis, contingent valuation), the third study stretches most projects 
BOX 16.4 INCENTIVE OPTIONS DISCUSSED  
IN THE GHANA STUDY
•  Awards and public recognition might be possible incentives for behaviour-change, 
especially where farmers are harassed by media and ofﬁcials about wastewater use. 
Farmers with safe produce could get recognition during ‘Best Farmer’ celebrations. 
Fast-food stands adopting an integrated safe-food concept might get recognized in 
tourist guides. 
•  Incentives from government agencies for farmers participating in safety schemes 
could be the provision of extra training, support of more dedicated extension 
services trained in food safety, loans (micro-credit), subsidies for pumps, and/or 
tenure security, which farmers ranked very high (see Chapter 17). 
•  A market incentive could be a certiﬁcation programme (Goewie, 2002) for ‘safer 
crops’ combined with dedicated marketing channels to hotels, restaurants and 
supermarkets, accessible at least to customers with a higher willingness to pay 
for safer produce. Ideally, this should also support independent monitoring of the 
quality standard. To bring this to the advantage of the wider public requires more 
awareness creation to increase the general demand for safer crops.326  WASTEWATER GOVERNANCE AND ADOPTION OF RISK-REDUCTION OPTIONS
even further out of their comfort zone. It requires substantial social analysis of 
the constraints and opportunities of the target group, their perceptions, wants 
and attitudes (Andreasen, 1995). The reasons for a person not to change his/her 
practice can be numerous and of different weight, linked to tradition, family 
pressure, community norms, time pressure, inconvenience and so on: the reason is 
not always necessarily a lack of awareness of the social or health beneﬁts of adopting 
the practice promoted. This analysis requires good listening skills and should be 
based on participatory research principles. 
Aside from understanding the reasons that might limit behaviour-change, 
it will require a different effort to analyse what might trigger it. Trigger studies 
will have to consider distinct population subgroups and the social and cultural 
environments in which the people act. This information is used to make strategic 
marketing decisions about segments of the target group in terms of what beneﬁts 
to offer and about how to price, place and promote products (Grier and Bryant, 
2005). 
The planning process based on ﬁndings delivered by applied research can be 
outlined in the following steps:
•  Assess current food handling behaviours related to the problem(s) of concern.
•  Identify feasible options for change which reduce health risks.
•  Identify barriers and enabling factors (external and internal triggers) for a 
related behaviour-change and verify them with the target group(s).
•  Study appropriate communication channels and (form of) outreach 
messages.
•  Carefully consider which stakeholders and policy-makers will be crucial in 
developing, promoting and implementing effective change strategies.
Although, ideally, all aspects of food safety and hygiene should be promoted, it 
is recognized that hygiene-promotion programmes work best if they focus on a 
small number of activities and easy-to-recall messages. However, it must be borne 
in mind that by promoting a single practice, such as vegetable-washing, people 
might assume that this practice alone can prevent the spread of infection leading 
to an ‘illusion of risk-control’ (Bloomﬁeld, 2003; Knox, 2000). Moreover, if the 
emphasis is placed on effective vegetable-washing alone, and handwashing or cross-
contamination are ignored, it is questionable whether a campaign can achieve any 
signiﬁcant or measurable health impact. Ideally, both effective vegetable-washing 
and other basic food-safety practices should be part of an integrated behaviour-
change campaign.1 Even if not all components of a ‘package’ will be adopted, the 
costs of promoting a package of maybe two to three good practices might only be 
marginally higher than for one practice, while multiplying its potential impact. 
To ﬁnd the most appropriate break-even point considering cost-effectiveness and 
message absorption capacity of the target group, is certainly a challenge.2 ADOPTION OF FOOD-SAFETY INTERVENTIONS  327
The street-food survey in Ghana revealed a number of external and internal 
behaviour determinants towards adoption of better food-safety practices. Following 
the example from Favin et al. (2004), barriers and enabling factors were sorted 
according to different categories to help in formulating possible intervention 
strategies (Tables 16.1, 16.2).
CAMPAIGN FRAMEWORK
The study conducted in Ghana led to the development of a framework for imple-
menting a (so far not funded) national campaign on food safety with special 
emphasis on wastewater-irrigated vegetables (IWMI, 2009). The framework 
combined different elements or strategies considered as important for changing 
behaviour in the street-food sector and among farmers. It draws on Tables 16.1 
and 16.2 and the ‘Receptivity Model’ described by Jeffrey and Seaton (2004) and 
emphasizes the equal importance of different measures to facilitate behaviour 
changes and increase food safety. The framework also considers the beneﬁt of 
simultaneously using incentives (for behaviour-change) and disincentives (for 
maintaining the old behaviour), for example via enforced regulations and fees. 
The elements of the framework are:
•  education (given the low educational level); 
•  social marketing (given the low commercial incentive for changing behaviour);
•  incentives (transforming needs of the target group into opportunities);
•  regulations (to address bad practices and institutionalize good ones).
Education
Education or knowledge transfer by themselves might not change behaviour, as 
mentioned above, but remain crucial components of any multi-strategy approach, 
especially if they avoid top-down lecturing. When considering knowledge as a 
driver for behavioural change (or lack of knowledge as a barrier to change), it is 
important to recognize that there are two types of knowledge. The ﬁrst – practical 
or logistical knowledge – is essential for adapting new behaviours (e.g. how to 
prepare the correct chlorine solution for disinfecting vegetables). The second type 
of knowledge, the scientiﬁc explanation of the reasons why the behaviour-change is 
important (e.g. how the chlorine works), may not be essential to achieve behaviour-
change as experienced in the Ghana hand-wash campaign (Box 16.5).
Social marketing 
Social marketing is an important tool where economic arguments do not work. 
Even if health considerations are not valued highly in the target group, social 328  WASTEWATER GOVERNANCE AND ADOPTION OF RISK-REDUCTION OPTIONS
Table 16.1  External behaviour determinants and possible intervention strategies in 
Ghana’s informal street restaurant sector
Category Barriers (-) Enabling factors (+) Possible response strategy
Input supply Effective disinfectants 
are generally not known, 
although available. Thus 
vegetable-washing is 
not effectively reducing 
pathogens. 
Vegetable-washing 
to remove dirt is 
done by over 90% of 
stakeholders; this is an 
excellent starting point 




chlorine tablets, potassium 
permanganate) suitable 





Vendors are concerned 
about costs of required 
inputs or training.
Public and private sector 
offer free training. Some 
ingredients (bleach) are 
very cheap. 
Make options known. 
Engage private sector for 
promotion and subsidies. 
Training certiﬁcates might 
increase sales.
Education In catering schools 
practical food safety does 
not get much attention.
Teaching materials are 
being provided/revised 
based on current project 
results. 
Establish early link with 
educational sector to 




The environment of street 
restaurants is in general 
unsafe; water and toilets 
might be missing.
Interventions have to 
consider local possibilities 




Regulating authorities are 
under-resourced, which 
might facilitate corruption. 
Authorities are in place. Interventions cannot rely 







Few members in catering 
associations due to 
internal problems. Most 
associations have weak 
governance and funding.
Social clubs, church 
groups and professional 
associations are 
common and can 
be used as possible 
communication channels. 
In general, vendors like 
to join associations and 
networks.
Associations should 
be strengthened and 
memberships promoted. 





Customers are more 
concerned about price, 
neatness and quantity of 
the food, rather than food 
safety.
Customers have much 
inﬂuence over the 
vendor. Vendors are 
willing to learn to please 
customers.
Customers’ awareness 
about food-safety issues 
has to be increased. 
Neatness as 
part of cultural 
norms
Neatness is important 
but does not necessarily 
include cleanliness and 
safe food.
Controllers, vendors 
and customers are 
very concerned about 
neatness which is closely 
associated with trust and 
respect.
The term neatness has 
to be extended to visible 
and invisible cleanliness; 
or positively linked to 
disinfectants.
Cultural norms Customers are reluctant 
to make direct inquiries 
about food origin related 
to safety which is 
considered disrespectful.
Food origin can be a 
‘brand’; e.g. carrots from 
Togo are preferred to 
Ghanaian ones.
Safer production sites 
could get a brand name 
associated with accepted 
norms, such as ‘clean’ and 
‘tasty’.ADOPTION OF FOOD-SAFETY INTERVENTIONS  329
Table 16.2  Internal behaviour determinants and possible intervention strategies in 
Ghana’s informal street restaurant sector




Vendors do not perceive 
any elevated risk 
and consider current 
washing practices to be 
appropriate.
Vendors are to different 
degrees aware of health 
risks related to raw 
vegetables. 
Risks should be 
explained. Invisible risks 
should be made ‘visible’ 
(see e.g. Amoah et al., 
2009).
Risks should be 
explained. Invisible risks 
should be made ‘visible’ 




Very little awareness 
of invisible risks 
(micro-organisms) and 
pathogen pathways.
High awareness of 
visible risks like insects 




Few attended formal 
catering education 
in schools. Effective 
vegetable-washing 
methods are in most 
cases not known.
Vendors have basic 
knowledge of food 
safety through post-
school training provided 
by projects or private 
sector.
Promotion of effective 
methods in workshops, 






and campaigns as used 
in other cultures do 
not appeal necessarily 
and might even be 
misleading if unknown 
symbols or vocabulary 
are used.
Perception studies point 
at positive and negative 
motivational factors 
which drive hygiene 
behaviour.
Strategy should be based 
on local knowledge and 
perceptions. 
Intention In general, vendors 
are very willing to 
learn about clean food 
preparation.
Training workshops can 
be combined with cooking 
courses or private-sector 
product promotions
marketing studies can help to identify related beneﬁts that are valued, including 
indirect business advantages, improved self-esteem, a feeling of comfort or respect 
for others. Studies thus have to look for ‘positive (core) values’ that the primary 
target audience associates or could associate with the innovation (Siegel and Doner 
Lotenberg, 2007). For example, if using a drip kit for safer irrigation is valued for 
reasons of feeling ‘technologically advanced’, then the social marketing messages 
and communication strategies should reinforce this existing positive association. 
Incentives 
Incentives are important when the beneﬁts are not direct, such as when individual 
action (safer irrigation practices) serves society (public health) more than the actor. 
In the hand-washing case (Box 16.5), the beneﬁt was for the person and for the 
family, i.e. a much closer association than for a farmer who is not the consumer 330  WASTEWATER GOVERNANCE AND ADOPTION OF RISK-REDUCTION OPTIONS
of his/her crops. In the case of the farmer, the need for extra incentives is likely 
(Box 16.4). Customer–vendor interactions have been identiﬁed as an important 
element inﬂuencing food-safety issues, both as an impedimental factor upholding 
the current situation (low risk awareness) and as a potential source of improvement 
(if awareness has been created) (see Box 16.2). 
Regulations 
Regulations are required to institutionalize new food-safety recommendations. 
When enforced these provide the legal framework for both incentives, such as 
certiﬁcates, and disincentives, like fees. New rules usually also require capacity 
building. In order to integrate improved food-handling practices into institutional 
structures, inspection forms can be updated, inspectors/extension ofﬁcers can be 
trained and pressure can be applied to caterers in the form of punitive fees and, 
in the extreme case, business closure. However, regulations should not be based 
BOX 16.5 SOCIAL MARKETING STUDIES  
IN THE WEST AFRICAN CONTEXT
‘HEAL TH IN YOUR HANDS’
A marketing approach was applied in a nationwide hand-washing campaign in Ghana 
(‘Health in your hands’).3 This approach involved the use of professional marketing 
techniques facilitated through a private–public partnership to promote ‘socially useful 
products’ (in this case, hand-washing with soap) through generation of demand. The 
underlying research revealed two main drivers for hand-washing with soap: disgust 
of dirt (yuck factor) and caring for a child, whereas protection from disease was not 
regarded as a key motivator. The communication campaign was thus designed in such 
a way as to evoke the feeling of disgust without mentioning health reasons or sickness. 
The campaign was fairly successful: soap use after toilet use increased by 13 per cent 
and soap use before eating went up 41 per cent (Curtis, 2002; Duhigg, 2008; Scott et 
al., 2007).
‘A wanted latrine is a used latrine’
In Benin the social marketing approach was applied to improve sanitation. Previous 
sanitation projects in developing countries often failed because they relied only on 
subsidized latrine construction and health education without generating demand; and 
the target community did not change established habits (like open defecation), thus 
the latrines remained unused. In the Benin case, research was conducted to ﬁnd out 
what triggers people to invest in a latrine and to use it. Health beneﬁts did not appear 
in the top ten triggers whereas safety, dignity and prestige were among the top ﬁve 
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on imported (theoretical) standards but locally feasible standards as otherwise 
they have no practical application value and can facilitate corruption. In this way, 
regulation and institutionalization may contribute to ensuring the long-term 
sustainability of behaviour-change whereas promotional and educational activities 
are usually limited to a speciﬁc time frame.
Application 
According to different individual stages of behaviour-change from the initial 
awareness to association, acquisition and ﬁnally application (Figure 16.2), some 
components of the campaign might be more suitable for some individuals or 
groups than others, while in general they complement each other. An analysis 
assuming different adoption rates showed the potential of the suggested campaign 
framework, and also its cost-effectiveness (see Chapter 13). Whether the framework 
has advantages compared to other possible strategies for behaviour-change towards 
increased food safety remains to be studied. 
Figure 16.2  Suggested multi-strategy campaign framework for the adoption of  
non-treatment interventions, on farm and off farm, for the reduction of health
    risks from wastewater irrigation in urban Ghana 
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CONCLUSIONS
The WHO Guidelines (2006) for safe wastewater irrigation recommend inter-
sectoral collaboration, policy dialogue and policy formulation as key elements 
for their implementation. This is indeed necessary but not sufficient where 
safeguarding health cannot rely just on wastewater treatment. Implementing the 
guidelines in this situation means ﬁrst of all that certain actors along the pathogen 
pathway have to change their behaviour. Improved policies and related education 
might be milestones but often do not trigger behaviour-change. This situation calls 
for a stronger integration of social science research in the strongholds of engineering 
and epidemiology to address key adoption barriers, such as:
•  Recommended practices for increased food safety do not in most cases provide 
direct proﬁt or reduce production costs (they may even be more expensive).
•  Educational levels in developing countries are too low to understand public-
health risks and related responsibility.
•  Safety regulations are often too theoretical and do not ﬁt local capacities or 
context.
In addition to educational and regulatory efforts, conventional and social marketing 
can play a signiﬁcant role in understanding and facilitating behaviour-change 
although neither concept is without challenges (Biran and Hagard, 2003; Cave 
and Curtis, 1999). To be successful, social marketing requires applied research to 
understand the needs, aspirations, values and everyday lives of the target audiences, 
and their perceptions of factors which might motivate or discourage them from 
adopting recommended technologies. This research will greatly help in designing 
a well-targeted food-safety campaign under any policy supporting the WHO 
Guidelines in the farm and post-harvest sectors. 
NOTES
1  There can be large differences between countries and cultures. In Francophone West 
Africa, very effective (e.g. bleach-based) vegetable-washing practices are common, 
while in Ghana this is not the case (Amoah et al., 2007b).
2  The size of the package or length of the message also has implications on the media 
to be used as TV spots, for example, are rather expensive and thus only allow short 
messages.
3  This  campaign  was  developed  by  the  ‘Global  Public  Private  Partnership  on 
Handwashing’ (www.globalhandwashing.org).ADOPTION OF FOOD-SAFETY INTERVENTIONS  333
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ABSTRACT
This chapter addresses the importance of understanding farmers’ knowledge and 
perceptions on health-risk and risk-reduction measures for the development of 
mutually acceptable risk-management strategies. Drawing on studies from different 
countries, the chapter shows that it is not realistic to expect high risk awareness. 
In cases where farmers are aware of health risks, they assess mitigation measures 
in view of their overall impact on work efﬁciency and crop yield rather than only 
the potential health beneﬁts to be gained. The chapter asserts that for on-farm 
risk-reduction measures to be successful, it is pertinent that farmers’ needs and 
constraints are incorporated into the formulation of recommended practices. 
This might happen through indigenous processes but can be supported through 
farm-based participatory approaches where farmers and scientists work together 
in developing risk reduction measures. An important ﬁrst step is the identiﬁcation 
of mutually accepted problem indicators. Where health beneﬁts for farmers and 
consumers are not sufﬁcient reasons for the adoption of safer practices, other 
triggers have to be identiﬁed as well as appropriate communication channels for 
effective outreach.338  WASTEWATER GOVERNANCE AND ADOPTION OF RISK-REDUCTION OPTIONS
INTRODUCTION
A wide range of measures exists for reducing health risks from wastewater and 
human excreta use in agriculture. Aside from conventional wastewater treatment, 
farmers can play a signiﬁcant role in a multiple-barrier approach. Some of the 
on-farm measures for health-risk reduction are presented in Chapter 10 of this 
book. To achieve broad adoption and comprehensive health protection for farmers 
and consumers, it is necessary that farmers see the risks. Without risk awareness 
it will be very difﬁcult to promote a behaviour-change towards safer practices. In 
addition, incentives might be necessary, especially in the ﬁelds of health risks where 
short-term beneﬁts might not be visible, while recommended measures might even 
require additional resources or reduce crop yields to some extent (see Chapter 16). 
Soil conservation projects usually face similar challenges (Sanders et al., 1999).
Existing ‘standard’ recommendations for farm-based risk-management 
measures can seldom be transferred straight into the farmer’s ﬁeld. Neither drip 
kits nor recommended cessation periods will automatically ﬁt local conditions, 
such as cropping density, wastewater quality or crop water requirements. Several 
technologies require analytical monitoring and evaluation tools far beyond the 
technical and ﬁnancial capacities of most farmers, particularly in developing 
countries. Therefore, it is essential that the development of risk assessments and 
risk-mitigation measures seeks to involve farmers actively in the process. Ideally, 
risk-reduction methods and performance assessment should go hand-in-hand so 
that farmers can see the beneﬁts. This can be best achieved, for example, through 
mutually agreed indicators. Many studies have shown that farm-based interventions 
have largely failed due to lack of farmer participation, especially in resource-poor 
countries (Collinson, 2000; Drechsel and Gyiele, 1998).
Knowledge and awareness of risks strongly inﬂuence how risks are perceived 
and managed (Peres et al., 2006; Stewart-Taylor and Cherries, 1998). Awareness can 
be based on practical experience, but farmers also incorporate new information and 
concepts from colleague farmers, agricultural extension ofﬁcers, ﬁeld schools, input 
suppliers, the media, development workers and others into their knowledge base. 
This chapter reviews knowledge and perceptions of farmers towards wastewater- 
and human excreta-related health risks from different case studies, with more 
emphasis on Ghana. It also discusses how this knowledge can be used to inﬂuence 
behaviour-change towards the adoption of health-risk reduction measures.
HEALTH RISKS: FARMERS’ PERCEPTIONS  
AND SCIENTIFIC EVIDENCE
Wastewater use
There is overwhelming epidemiological evidence that wastewater and excreta use 
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practices. Several studies show that the greatest risk for farm workers in wastewater-
irrigated agriculture derives from intestinal nematode infections and for produce 
consumers, from bacterial disease infections (Blumenthal and Peasey, 2002; Shuval 
et al., 1986). However, perception studies show that farmers generally are satisﬁed 
with their wastewater sources and do not perceive that wastewater irrigation poses 
a signiﬁcant health risk. 
Typically, a range of other farming constraints are ranked higher than any 
health issue and perceived health threats are dominated by ones unrelated to 
wastewater (Bayrau et al., 2009; Obuobie et al., 2006; Ouedraogo, 2002). Thus, 
there are often no signiﬁcant differences in risk perception between farmers using 
different water qualities as shown in Accra and Ouagadougou (Gbewonyo, 2007; 
Gerstl, 2001) even where quantitative microbial risk assessments (QMRA) predict 
gross differences (Seidu et al., 2008). Those farmers who are aware of the potential 
health risks from using polluted water sources appear to perceive such risks to 
be low and seem willing to accept these risks because of the economic beneﬁts 
gained from using polluted water and the unavailability of other water sources 
(Gbewonyo, 2007; Obuobie et al., 2006). Also, potential risks for consumers are 
usually questioned although it is difﬁcult to get unbiased answers. Compared with 
the consumption of wastewater-irrigated food, occupational risks affecting farmers’ 
work performance are ranked higher by farmers (Keraita et al., 2008a, Knudsen 
et al., 2008).1 This awareness, however, seldom translates into the adoption of 
protective measures (Keraita, 2002; Obuobie et al., 2006). Protective clothing is 
in most cases perceived to be unsuitable in hot conditions and also not necessary 
given the low level of perceived risk (Bayrau et al., 2009).
An interesting study was presented by Bayrau et al. (2009), who compared 
perceived risk between urban farmers using wastewater and rural farmers using 
clean water. The results showed exactly the opposite of what was expected, and 
in this way reveals the challenges such perception studies are facing (Table 17.1). 
The reason in this case, like in many others, is the need to see the farmer in his 
or her context. The wastewater irrigators were more urban-based, appeared better 
educated, showed a higher level of hygiene and their housing situation was better 
Table 17.1  Prevalence of perceived illness among farmers working on irrigation 
farms within and around Addis Ababa
Perceived illness Prevalence (%)a
Wastewater area (n = 240) Freshwater area (n = 175)
Intestinal pain 18.5 51
Diarrhoea   6.5 49
Skin infection   0.5   4
aAll differences between both groups were signiﬁcant at <1%.
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in terms of access to piped water, sanitation facilities and number of persons per 
room (Bayrau et al., 2009). 
Studies from Nairobi showed that wastewater farmers were concerned about 
the quality of their water and its potential to cause disease (Kilelu, 2004). However, 
farmers’ perceptions of the link between wastewater use and enteric diseases were 
diverse. Some farmers rejected the possibility of negative health consequences due 
to handling of wastewater or through consuming crops grown with the wastewater 
and pointed at other food-safety measures, such as cooking. In addition, most 
farmers indicated that they usually washed their produce before consumption; but 
the observation by researchers in the ﬁeld was that produce was consumed without 
washing. Some felt that they had developed immunity through years of exposure. 
The farmers’ view of enteric disease was that the occurrence of enteric diseases was 
normal and not necessarily related to their use of wastewater. It is signiﬁcant that 
around 80 per cent of the farmers surveyed did not perceive wastewater use to be 
making them more vulnerable to enteric diseases but enquiry into speciﬁc diseases 
found that the primary health concern for most farmers was skin irritation. Even 
though farmers were aware of possible negative effects of wastewater on health, 
they continued to use it as there was no other water available for agriculture. 
In Pikine, Senegal, farmers reported malaria, parasitic infection, dermatitis and 
fatigue as the top four illnesses they had experienced in the previous year. About 
70 per cent of the farmers said that they personally had not suffered any illnesses 
related to wastewater (Chaudhuri, 2008). In comparison, district health statistics 
in Pikine listed malaria, dermatitis, parasitic infections, arterial hypertension, 
diarrhoea and anaemia as the top six diseases for all ages. Interestingly, diarrhoea 
was not cited among the farmers as a health problem, perhaps because of its greater 
incidence and severity among children. Under-reporting of diarrhoeal episodes 
may also occur due to cultural taboos because as a loose stool might no longer be 
perceived as noteworthy. 
An earlier study by Niang (2002) found a signiﬁcantly higher prevalence 
of Ascaris among wastewater farmers (75 per cent) than farmers using shallow 
groundwater (21 per cent), while approximately the same number in both groups 
(46–48 per cent) did not see a relationship with wastewater use. This suggests that 
many of these farmers may have been infected with parasites without knowing it.
Although this situation draws a pessimistic picture in view of risk awareness, it 
can change. In the case of Ghana, for example, a number of projects on wastewater 
and related risk mitigation signiﬁcantly inﬂuenced farmers’ knowledge, while 
different media alerted policy-makers to take action (Obuobie et al., 2006). With 
or without their own-risk perception, farmers felt the pressure to respond, at least 
to avoid confrontation and risk losing their business. 
The invisibility of pathogens and the lack of connection made between 
symptoms of potential illnesses and exposure shows the need for mutually agreed 
risk indicators. While most of the research has been focused on helminth infections 
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more investigation is needed to link skin infections to particular water pollutants 
(Trang et al., 2007). Studies in Nepal, Cambodia, India, Pakistan and Vietnam 
have strongly associated skin diseases to contact with untreated wastewater (Keraita 
et al., 2008b). 
HUMAN EXCRETA USE
Perceptions from farmers using fresh human excreta in southern Ghana are 
presented in Table 17.2. Farmers asked septic truck drivers to dump their loads on 
the ﬁelds (Coﬁe et al., 2009). Most farmers associated excreta use with increased 
agricultural productivity. Bad odour from excreta was mentioned as a major 
problem by users and also the main reason why non-users were reluctant to use 
excreta on their lands. Users of excreta perceived that it did not contaminate food 
as indicated by the high negative index value of –0.93 for users (Table 17.2), which 
is signiﬁcantly different from the weighted average index of –0.26 for non-users. 
However, farmers had good reason for their assessment as, in the study location, 
excreta is used mainly for maize and not vegetables. After exposure to the sun, dried 
excreta is ploughed into the soil prior to planting. Nevertheless, out of 11 deﬁned 
variables that possibly affect farmers’ decision to use excreta, only health risk and 
loss of income emerged as negative inﬂuences on the probability of excreta use. 
In northern Ghana, where excreta use has a longer tradition, farmers using 
human excreta associated it with skin infections, diarrhoea, foot rot and vomiting 
(Seidu et al., 2009). Farmers related vomiting episodes to the strong odour from 
raw excreta and skin infection to the handling of relatively wet sludge. Dried excreta 
(cake) and odourless sludge, irrespective of the treatment duration, were on the 
other hand considered by farmers to pose no health risk. There was no objection to 
handling these cakes with bare hands including those only dried for a short time. A 
QMRA of such ‘cake sludge’ across 40 faecal sludge drying sites in Tamale revealed 
Table 17.2  Farmers’ perception on the use of human excreta in agriculture
Factors WAIa of  
Users
WAI of  
Non-Users
T-test P-value
Excreta is good for soil structure –1.47 –0.63 3.99 0.000
Excreta is an important source of nutrients –1.40 –0.76 3.50 0.001
Excreta causes odour problems –1.50 –1.60 1.04 0.302
Excreta poses health risks –0.50 –0.70 0.20 0.839
Excreta is unfriendly to the environment –0.60 –0.77 0.99 0.322
Excreta causes food contamination –0.93 –0.26 2.49 0.042
Excreta deposited on farms has low quality 
(as perceived through visual appearance) 
–0.33 –0.90 3.64 0.001
aWAI = Weighted Average Index.
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high Ascaris and viral infections risk for farmers above the WHO tolerable infection 
risk of 1 infection per 10,000 persons per year (Seidu et al., 2009). 
FACTORS INFLUENCING FARMERS’ HEALTH-RISK PERCEPTION 
It is widely expected and accepted that farmers and public health risk experts 
perceive risks differently (Lazo et al., 2000). Understanding these differences 
is an important step in the development and promotion of best practices and 
technologies. What causes these differences and how can they be minimized to 
enhance adoption of safe practices? In risk-perception studies conducted in Ghana, 
a number of reasons, including process-related ones, were identiﬁed: 
Experience of farmers in waste reuse
Studies show that knowledge and perceptions of farmers on health risks can be 
inﬂuenced by the duration farmers had been involved in their business. In northern 
Ghana, farmers with a long experience in human excreta application more easily 
identiﬁed diseases to be associated with poorly treated human excreta than those 
with little experience in its use (Seidu et al., 2009). In Kumasi and Accra, where 
farmers who had longer experience in wastewater farming generally rated risks 
lower than those who had been farming for less than two years (Keraita et al., 
2008a). 
Level of knowledge on risk
Given the standard educational level among farming communities, most of the 
farmers did not have deep knowledge about the causes of health problems and 
health-risk factors. This deﬁcit applies in particular to ‘invisible’ health risks 
like pathogens. Training on health risks from wastewater irrigation has not been 
incorporated in education curricula including those of agricultural extension 
ofﬁcers due to the informal nature of this practice and its relatively low national 
importance. Nevertheless, an increase in knowledge, awareness and interest in 
health-risk issues and risk mitigation was noticed where farmers were exposed to 
the issue, mostly through research projects. 
Source of knowledge
Perceptions depend on how people obtain their knowledge. In view of health 
risks, there are different sources possible, and not all are appropriate. In Ghana, 
the media has been one of the main sources of knowledge for farmers, which has 
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media can build complex messages about risks but can also amplify or attenuate 
risks (Boholm, 1998); the Ghanaian media, for example, basically condemned 
the practices and ampliﬁed the risks (Obuobie et al., 2006). While complex 
messages and amplifying risks should be discouraged, risky practices should not be 
encouraged either. In essence, there should be a balance on presenting risk messages 
to farmers to ensure that they are rated appropriately to instigate change to safer 
practices that are necessary for health protection.
Living standards of farmers
Many farmers live in poor settlement areas under unsanitary conditions, often 
with limited access to safe drinking water. In such circumstances, the immediate 
environment inﬂuences perceptions forming attitudes and standards with which 
they live on a day-to-day basis, as also shown in the case reported from Ethiopia 
(Bayrau et al., 2009). Under these circumstances wastewater irrigation might not 
receive particular attention. Common standards equally inﬂuence researchers, 
who might have been brought up under different sanitary standards and are now 
challenged to perform unbiased interviews. Moreover, being exposed to different 
levels of sanitary standards, both scientists and farmers might have problems in 
agreeing on common indicators for diseases to be associated with the wastewater 
or excreta exposure on farm. Detailed epidemiological studies will be necessary to 
show the fraction attributed to different risk factors.
Defensive strategies
Interview results might be biased if farmers feel the need to develop defensive 
strategies to show that their practices are safe so that their business is not jeopardized 
or so that they are not seen as propagators of public-health risks within the 
community. Negative perceptions by the interviewer, the public, or harassment 
from authorities and media, can drive farmers to develop defensive strategies 
to consciously underestimate health risks associated with their practice. Similar 
ﬁndings have been reported among pesticide users in Brazil (Peres et al., 2006). 
Such denial and defensive strategies can greatly hinder risk communication and are 
difﬁcult to separate from low-risk perception associated with living conditions that 
are unsanitary. It is therefore crucial to build trust among community members and 
vendors for any risk-factor communication (Siegrist, 2000). This was also shown 
in a related study done for street-food vending where purchase of street food was 
mainly based on trust in the vendor, since no reliable indicator existed for actually 
evaluating food safety. Therefore, trust also becomes a necessity, where no other 
evaluation parameter is available (Rheinländer et al., 2008). 
The opposite of a defensive strategy also occurs where farmers expect external 
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FARMERS’ KNOWLEDGE AND PERCEPTIONS OF  
HEALTH-RISK REDUCTION MEASURES
Assessing farmer perceptions requires listening skills and unbiased methods. 
These have to be carefully worked out in different social and cultural settings, 
by understanding the environment and the access to information that farmers 
may have. Understanding farmers’ knowledge and perceptions on risk-reduction 
measures, particularly the factors that they use to assess whether technologies are 
appropriate for them, is very important. This assessment of whether a measure is 
appropriate does not necessarily consist of an absolute ‘yes’ or ‘no’ answer. It usually 
consists of a ranking of the measures from more appropriate to less appropriate, 
based on different criteria. Knowing how to garner these perceptions, translate 
them into criteria for evaluating risk-reduction measures and ranking them against 
alternative measures is a skill that the researcher has to develop. 
In Ghana, wastewater farmers were involved in identifying their own suitable 
risk-reduction measures (Keraita et al., 2008a), which are presented in Table 17.3. 
These measures were very different from those suggested in the WHO Guidelines 
(2006), such as conventional wastewater treatment, crop restrictions, conducting 
health programmes and human-exposure control. The reason for this was that while 
WHO’s proposed measures are based only on health targets, i.e. the effectiveness 
of reducing levels of pathogens in irrigation water or on crops, farmers were more 
concerned with business-related risk factors like loss of yields or income, level of 
investment (capital, labour, land) needed and land-tenure issues. Generally, farmers 
preferred only slight changes in their current practices or those which required low 
investments. Similar ﬁndings have been reported in other studies done in resource-
poor communities (Avila and Jabbar, 1992; Marenya and Barrett, 2007) and from 
participatory on-farm trials in general (Drechsel and Gyiele, 1998; Drechsel et al., 
2005). Scientists therefore should address particular risk factors from an integrated 
multi-risk perspective to be in tune with the farmers’ decision-making. 
Another important dimension in risk perception studies was highlighted by 
Knudsen et al. (2008) in a study in Hanoi. The authors showed that the use of 
protective clothing was gender dependent. More women were found to be wearing 
protective gloves and boots and with more consistency than men. The differences 
were mainly attributed to the gender-speciﬁc work separation on farm, with men 
walking around the farms much more than women. Nevertheless, both groups 
felt that protective clothing constrained their work. These observations have also 
been made in studies conducted in Ethiopia and Ghana among farmers using 
wastewater (Bayrau et al., 2009; Obuobie et al., 2006) or human excreta (Seidu 
et al., 2009). In the Ghana study, which involved 138 vegetable farmers in Accra 
using wastewater, only 19 per cent wore protective clothing, mainly boots and 
gloves, while irrigating (Obuobie et al., 2006). In some cases, farmers were found 
to be wearing protective clothing not because of health risks, but to protect them 
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HEALTH-RISK MANAGEMENT MEASURES USED BY FARMERS
In general, farmers experiment on their own, responding to perceived production 
risks like pest attacks, water scarcity or reduced (fertile) land and labour availability 
(Mutsaers et al., 1997). Among the perceived drivers for change, health risks are 
not prominent which is not surprising given the low health-risk awareness. Despite 
this, health-risk reduction measures can become adopted if they are ‘sold’ well (see 
Chapter 16, on social marketing) or address more than health concerns; an example 
is the provision of water-saving drip kits which also avoid pathogen exposure of 
farmers and crops. 
However, low water quality can be a concern to farmers, even if its health-
affecting components are not perceived. This can be wastewater salinity affecting 
crop performance, high amounts of organic debris and waste blocking tubes, 
pumps and watering cans, or simply bad odour. Thus, in many cases, farmers have 
been found to be developing strategies and innovations to adapt to deteriorating 
water quality in order to maintain or increase yields and reduce other negative 
trade-offs including health problems. Of particular interest are those innovations 
which aim at reducing inputs, such as labour while also reducing health risks, 
like furrow irrigation compared to overhead irrigation with watering cans. This 
offers an entry point of mutual beneﬁt. The following are a few other examples of 
farmers’ wastewater management practices, in part with direct or indirect impact 
on health risks:
Hyderabad, India
Farmers alternate the use of groundwater with wastewater depending on the stage 
of plant growth. This was found to increase yields and decrease pest attacks on 
crops and infections among farm workers. Farmers were also found to be shifting 
Table 17.3  Measures identiﬁed by farmers to reduce health risks in  
wastewater irrigation
Measures identiﬁed by farmers only Measures identiﬁed following discussions  
with scientists
•  Provision of safer irrigation water like 
shallow groundwater. 
•  Protection of water sources.
•  Treating water with chemicals.
•  Filtration of irrigation water.
•  Using boots when stepping in water 
sources.
•  Treat soils against pathogens.
•  Leaving water in irrigation sources to settle 
and not stepping inside.
•  Applying water to roots not on leaves.
•  Using right amounts of water.
•  Reducing splashing of soils on vegetables.
•  Using well-composted manure at the right 
time.
•  Using gloves when applying manure.
•  Stopping irrigation days before harvesting.346  WASTEWATER GOVERNANCE AND ADOPTION OF RISK-REDUCTION OPTIONS
to more wastewater-tolerant crops, gradually replacing paddy rice with fodder 
crops that are more tolerant to high salinity levels induced by the wastewater, and 
still have a high market value.
Dakar, Senegal
In areas where untreated wastewater has low salinity compared to other water 
sources in the area, such as on farming sites along coasts, farmers use wastewater to 
dilute the salinity concentrations in larger depressions and dugouts ﬁlled with saline 
groundwater. This has the simultaneous beneﬁt of diluting other contaminants 
in the wastewater. This measure, as observed in Pikine, one of the largest urban 
vegetable farming sites in Dakar, transformed two unsuitable resources into a 
valuable asset.
Accra, Ghana
Farmers blocked wastewater channels with a series of sandbags to create ponds 
from where they could more easily fetch water with cans or pump, simultaneously 
creating a cascade of worm egg traps and sedimentation ponds, with an obvious 
impact on pathogen levels (IWMI, 2008). 
Dakar, Senegal, and Lomé, Togo
Farmers ﬁxed mosquito nets over the intake holes of their watering cans to keep 
debris out. This concomitantly reduced the intake of pathogens attached to ﬂoating 
organic matter, including excreta.
Northern Ghana
Two sun-drying methods, random spot spreading and pit composting, are used 
to process raw faecal sludge into odourless ‘cake’ by farmers. Timing of treatment 
(drying) is mainly in the dry season when temperatures are high to enhance 
dewatering of sludge. This is accompanied by the destruction of pathogenic 
organisms. The duration of drying ranges from a few weeks to several months. 
In southern Ghana, crops are also irrigated with fresh sludge, i.e. without drying. 
However, in both cases, the crops are mostly cereals which are cooked before 
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IMPLEMENTATION PROCESS TO ENHANCE ADOPTION  
OF RISK-REDUCTION MEASURES
Participatory research approaches have shown great potential for facilitating the 
adoption of innovative risk-reduction measures (Chambers and Ghildyal, 1985; 
Drechsel and Gyiele, 1998). Participatory research allows for a mutual diagnosis 
of farmers’ constraints and the identiﬁcation of appropriate solutions within a 
holistic interdisciplinary framework, rather than a narrow technological or crop 
focus (Martin and Sherington, 1997). Technology development is based on mutual 
learning loops and modiﬁcations (Figure 17.1). This is particularly important in 
view of safer irrigation practices, like drip irrigation, furrow irrigation or cessation 
of water application which can signiﬁcantly reduce crop yields if not well adapted to 
local possibilities and constraints (Keraita et al., 2007a,b). The challenge, though, 
is to ﬁnd the best compromise between maximum risk mitigation and lowest 
discomfort for the farmer to minimize possible adoption constraints (Collinson, 
2000). 
Figure 17.1  Diagrammatic representation of the on-farm research process
Source: Dorward et al. (2003)
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THE CHALLENGE OF VISUALIZING INVISIBLE RISKS
One of the greatest challenges in safe waste reuse is getting farmers to understand 
health risks stemming from ‘invisible’ contamination such as from parasites or 
chemicals in water and soil. It is also a challenge to get farmers to monitor the 
effect of reducing invisible risks. As mentioned in Chapter 16, the Ghana hand-
washing campaign faced a similar challenge but was ultimately very successful. 
The campaign decided not to provide any information on health risk associated 
with contaminated hands, but based its message on ‘disgust’ which appeared to be 
a sufﬁciently powerful trigger to protect the family. 
Facilitating behaviour-change among farmers, on the other hand, is less 
straightforward because the main health risks are for consumers far down the 
market chain. Complaints about the food hardly reach the farmers. There are 
only very few cases where the farm family also consumes the vegetables that they 
produce, as exotic vegetables, which are actually those eaten raw, are not common 
in traditional diets. It is therefore important to study other possible indicators to 
increase awareness on water pollution and related health risk among farmers. 
Low-cost test kits for water-quality monitoring could help to visualize invisible 
risk, as tested for example in Sri Lanka (Shingles and Saltori, 2008) and Ghana 
(McGregor et al., 2001). Another possible indicator of pollution could be the lack 
of certain indicator species such as frogs, toads or insects only known in clean water. 
Skin rashes might be an indicator of how bad water affects human health. Usually, 
farmers rely on such physical and sensuous indicators, such as colour, odour and 
occurrence of solid materials, to ascertain the level of contamination in water. 
For example, in Kano, Nigeria, some of the farmers, using untreated industrial 
efﬂuents from breweries and tanneries, use colour, smell and the formation of 
foam to determine unfavourable or undesirable conditions (Binns et al., 2003). 
An example of a farmer’s statement was:
There are three bad colours [of water] that come at different times. The 
oily red one and the green one will kill the crops, and when we see these 
colours in the channel, we turn off our pumps immediately. The bluish 
water is corrosive and causes a red rash when it comes in contact with 
the skin. We always wash our hands after we come in contact with the 
blue water. 
Knudsen et al. (2008) similarly illustrated how farmers in peri-urban Hanoi, 
Vietnam, use locally adapted indicators to characterize wastewater. When the 
water had pink bubbles, farmers called it ‘soap detergent water’ and considered it 
the worst type of water because it had a high content of chemical waste, such as 
from soap detergent factories. They also described wastewater as ‘organic fertilizer 
water’ if the water was black and smelly and associated this water primarily with 
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Participatory on-farm research will allow scientists to verify how far farmers’ 
physical indicators correspond with microbiological reality. For example, studies 
have shown that although shallow wells used in irrigation had clear water and 
no bad odour, and were therefore thought to be ‘physically clean’, they actually 
contained high levels of coliform bacteria just like water from neighbouring streams 
that were perceived to be ‘physically dirty’ (Keraita et al., 2008a). In Tamale, dried 
‘cake’ sludge, considered by farmers to pose no health risk, still had thermotolerant 
coliform bacteria and Ascaris concentrations above the WHO monitoring guideline 
for faecal sludge application but, indeed, much lower bacteria levels than fresh 
sludge (Seidu et al., 2009). 
Aside from the agreement on a risk indicator for the water or sludge, the next 
challenge is to explain to farmers that the recommended (alternative) practices 
will have a positive impact along the food chain, where other indicators are 
required to visualize the reduced health risk. An innovative ‘germ’ indicator, like 
the Glitterbug™ gel (www.glitterbug.com), might help to trigger a lasting visual 
experience which can be applied along the whole farm to fork pathway. 
Whatever the indicators might be, they should increase risk awareness and 
help farmers and scientists to communicate. Increased awareness alone, however, in 
many cases will not be sufﬁcient to trigger behaviour-change. Additional incentives 
are needed, such as economic incentives, access to credit or tenure security, and 
positive media support (Chapter 16). Figure 17.2 shows a comparative assessment 
of possible triggers mentioned by farmers in Kumasi and Accra versus the ranking 
of local experts who suggested that farmers might have downplayed their interests 
in subsidies while overstating their concerns for consumers’ health.
COMMUNICATION CHANNELS
Participatory approaches among scientists and farmers involved in a project can 
help with communication, building capacity and ﬁnding mutually acceptable 
solutions. To reach out to even more farmers it is important to know to whom 
farmers listen and how best to connect with them. A pilot social marketing study 
in Ghana showed that it is more likely that innovations spread from farmer to 
farmer through social networks than through any external facilitation (Figure 
17.3) and that farmers preferred ﬁeld demonstration and/or learning by doing 
(Figure 17.4). 
This also veriﬁes the importance of encouraging farmers’ own experimentation 
because it promotes knowledge generation and self-monitoring and evaluation. 
However, it is pertinent for the implementation process to recognize the wider 
system within which farmers operate. This system, made up of institutions, 
regulatory bodies and in- and output markets, can have a signiﬁcant positive 
or negative inﬂuence on farmers’ decision-making, but might be neglected by 
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Figure 17.2  Comparing expert opinion with farmer expressed motivation for a 
possible behaviour change in southern Ghana
Source: IWMI (2008), unpublished
Figure 17.3  Farmers’ preferences for which ‘person’ to follow in teaching 
innovations in agriculture
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CONCLUSIONS
Farmers using wastewater and human excreta are in general not aware of the type 
of risks they are facing, or do not rank the risk highly. In order to ﬁnd common 
ground and to use knowledge to change perceptions and behaviour, farmers and 
scientists need to work together. The lack of tools and indicators suitable for 
farmers to assess and monitor health risks is, however, problematic, as the physical 
indicators used by farmers to assess wastewater and human excreta for reuse do 
not necessarily correspond to laboratory assessments. It might still be appropriate 
for researchers to broaden their indicators to include those identiﬁed by farmers. 
These might include problem indicators (poor water quality) and certainly in- and 
output indicators which cover labour, capital and land inputs, and, most of all, 
the resulting crop yields. 
Recommended practices might have to undergo adjustments to keep efforts 
low and outputs high. These may not necessarily be the most effective measures in 
reducing health risks but are probably more sustainable. It is therefore important 
to encourage farmers to look for solutions on their own, and several indigenous 
solutions actually reduce health risks even if it is inadvertent (IWMI, 2008). 
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Figure 17.4  Farmers’ preferences for the method of learning new practices 
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NOTE
1  Where exotic vegetables are produced for the market, farmers generally do not consume 
them and may not be aware of possible health implications from own experience 
(Drechsel et al., 2006).
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ABSTRACT
Wastewater use in agriculture is a complex phenomenon since it transcends typical 
sectoral and geographical policy and planning boundaries, and is inﬂuenced by 
opinions and perceptions. Planning for wastewater use typically requires the 
involvement of a number of government agencies covering health, water, sanitation, 
agriculture and irrigation, as well as researchers, community groups and the private 
sector. Where wastewater use is already taking place spontaneously and unofﬁcially, 
how can these stakeholders come together to improve the management of the 
system to maximize the livelihoods beneﬁts while minimizing impacts on health 
and the environment? One option is the formation of multi-stakeholder platforms, 
which provide a space for stakeholders to share opinions and seek negotiated 
solutions in an open and ‘level’ environment. How effective these are, what 
outcomes can be expected, and how they can be improved are all questions that are 
still being asked. This chapter presents three case studies in which multi-stakeholder 
processes were used to improve wastewater management for urban agriculture. 
Although differences were observed, there were several cross-cutting lessons. A 
critical factor is the starting point, including an agreed deﬁnition of the problem 
to be addressed, negotiated goals and a management structure that is acceptable 
to all stakeholders. When multi-stakeholder processes are externally initiated, as 356  WASTEWATER GOVERNANCE AND ADOPTION OF RISK-REDUCTION OPTIONS
with those reviewed here, it is essential that project priorities are commensurate 
with local priorities. Finding an institutional home and anchor agency can improve 
long-term sustainability but care must be taken in considering how this impacts 
on existing power structures. Participation and representation greatly inﬂuence 
the effectiveness of the process and much may need to be done to support this, 
for example by strengthening local community groups. A factor that appears to 
signiﬁcantly improve participation and engagement is having tangible outputs, 
which demonstrate to stakeholders the potential of multi-stakeholder platforms. 
INTRODUCTION
Multi-stakeholder platforms and processes have a number of deﬁnitions and even a 
variety of names, but a well-accepted deﬁnition is that of ‘a decision-making body 
(voluntary or statutory) comprising different stakeholders who perceive the same 
resource management problem, realize their interdependence for solving it, and 
come together to agree on actions for solving the problem’ (Steins and Edwards, 
1998). This deﬁnition may be disputed by those who have been involved, both 
from the research community and those in the locations where multi-stakeholder 
processes take place. It is perhaps more accurate to say that this deﬁnition is the 
ideal to which multi-stakeholder processes should aspire. To facilitate this aspiration 
it is necessary to critically evaluate existing multi-stakeholder processes, including 
self-evaluation by the researchers involved (Sanginga et al., 2007). 
This chapter reviews the application of multi-stakeholder platforms to manage 
wastewater for use in agriculture. Such applications are not new, but one must 
distinguish between two distinct circumstances of agricultural use of wastewater 
which inﬂuence the objectives of these platforms. The ﬁrst is reuse that takes place 
in countries where wastewater is treated before being used to cultivate food crops. 
In this case the key concerns are cost, farmer willingness to pay (Neubert, 2004), 
farmer and public concern about impacts on crops and health, and resistance 
because of the ‘yuck factor’ (Dingfelder, 2004; Russell and Lux, 2006). Multi-
stakeholder processes are implemented to gain acceptance from users, build trust 
and reciprocity (Po et al., 2003, Stenekes et al., 2006), and to provide the right 
climate for negotiation and conﬂict resolution. 
The second circumstance is when untreated wastewater is used in an unplanned 
or spontaneous manner for irrigation. In this case, farmers already value it as a 
resource but there are health concerns (Ensink et al., 2004, 2008), which they may 
not take into consideration. Such situations usually occur in low-income countries 
where, for economic and institutional reasons, poor sanitation and wastewater-
management practices prevail; they require innovative solutions to reduce water 
pollution and risks. In this case multi-stakeholder processes have to work towards 
making incremental improvements on an existing situation, including both policy 
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farmers and consumers. Innovation and learning need to be integral parts of such 
platforms. 
Obtaining acceptance for planned reuse through stakeholder involvement is 
covered reasonably well in the literature (Hamilton et al., 2007), but less has been 
written on spontaneous reuse and the role of multi-stakeholder processes in these 
situations. This chapter presents three cases in which multi-stakeholder processes 
have been applied in several countries, predominantly to address this second 
scenario. The projects reviewed are:
•  The Wastewater Agriculture and Sanitation for Poverty Alleviation (WASPA) 
project; 
•  Sustainable Water Management Improves Tomorrow’s Cities’ Health 
(SWITCH); 
•  The Cities Farming for the Future Programme of the Resource Centres on 
Urban Agriculture and Food Security (RUAF).
These multi-stakeholder processes have been initiated to address the challenges of 
various aspects of wastewater management in urban areas, and urban and peri-urban 
agriculture, where a key concern is the health risk associated with contamination 
from wastewater. The focus of each is slightly different, as explained later in the 
chapter, with WASPA addressing the continuum from wastewater production to 
use in agriculture, RUAF predominantly working to improve urban and peri-urban 
agriculture, of which wastewater use is a part, and SWITCH addressing integrated 
urban water management, which in some cities includes reuse. The processes were 
all externally initiated but have achieved varying degrees of success and acceptance, 
with some having lasting impact on policy. All processes improved knowledge and 
motivated the stakeholders to build common visions and action plans. 
These multi-stakeholder processes are analysed here to understand their 
potential to improve wastewater management and reuse, leading to overall improved 
irrigation-water quality, livelihoods beneﬁts and public health. How stakeholders 
have been and can be involved to address all of these, the successes and failures 
and the way forward are also discussed. 
BACKGROUND 
Participation and multi-stakeholder processes 
Partnerships and participation have been part of development practice for decades, 
emerging from activist participatory research and applied anthropology (Chambers, 
1994) and progressing through many stages. This is traced by Reed (2008) as 
going from awareness-raising in the 1960s; to incorporating local perspectives in 
data collection and planning in the 1970s; to the development of techniques that 358  WASTEWATER GOVERNANCE AND ADOPTION OF RISK-REDUCTION OPTIONS
recognize local knowledge and ‘put the last ﬁrst’, such as farming systems research, 
and rapid and participatory rural appraisal in the 1980s; to the increasing use of 
participation as a norm in the sustainable development agenda of the 1990s (e.g. 
UNCED, 1992). The subsequent critique of participation, and disillusionment 
over its limitations and failings, resulted in a growing ‘post-participation’ consensus 
over good practice with important lessons learned from the mistakes and successes 
of this long history. These developments have taken place in parallel geographical 
and disciplinary contexts. They have been an integral part of the developments in 
the management of natural resources and common pool resources, for example, 
community forestry and integrated catchment management, and later extending 
to the water and sanitation sector as well as more recently the agriculture and 
irrigation sectors. 
Stakeholder1 involvement in problem definition and action planning 
developed in response to the growing expectation and demand from the public 
and civil society to be included in a meaningful way and not to simply accept 
‘expert’ judgment or initiatives by government agencies (Warner, 2006). Greater 
stakeholder involvement also arose due to an increasing awareness that problems 
are multifaceted and impacts cut across many disciplines and administrative 
boundaries, making it necessary to ﬁnd approaches that addressed this complexity 
(Mitchell, 1997; Stenekes et al., 2006). More speciﬁcally relating to wastewater 
reuse, the issue is about how the different frames of reference about risk and 
sustainable natural-resources management can be better understood by the 
stakeholders (Stenekes et al., 2006). Sustainability in this case relates to resource 
recovery, reduced health risks and livelihood beneﬁts. 
The partnerships of the 1990s have evolved into the multi-stakeholder 
processes of the present, which recognize that accommodating multiple interests 
in resources management is unavoidable (Ramírez, 2001) and that interaction 
and negotiation are necessary not just among the local community and the state 
agencies but all actors with a stake. This is particularly relevant in the context of 
wastewater agriculture in resource-poor countries, where inadequate infrastructure 
and the institutional vacuum (reﬂected in the lack of clear planning processes) 
make it imperative that actors consult, interact, learn from each other, attempt 
to consider all viewpoints and apply innovative solutions. Existing institutional 
systems and traditional conceptions are unable to cope with the collaboration and 
consensus needed to achieve sustainability. For the success of such platforms it 
is critical to consider the fundamental purpose for engaging stakeholders and to 
deﬁne clear objectives and outcomes. 
Multi-stakeholder processes and platforms come in many forms and are 
usually perceived as incorporating several components that allow for shared 
learning, collaborative planning and interventions, but not all of them can be said 
to achieve real mutual planning and action. Understanding the broad types and 
what appears to constitute a ‘good’ and ‘effective’ multi-stakeholder process will 
assist in their replication and improvement. In this context it is useful to consider MULTI-STAKEHOLDER PROCESSES FOR MANAGING WASTEWATER USE  359
Table 18.1  Classiﬁcation of partnerships and multi-stakeholder platforms according 
to relative power exerted by stakeholders
Scale of participation and 
power-sharing
Rungs on the ladder of 
citizen participationa
Typology of multi-stakeholder 
processes according to their 
degree of powersharingb
Non-participation:
limited or no power-sharing, 
groups operate outside ‘the 
system’; they may have 
some inﬂuence through 
pressure and ﬁnancial 
strength. 
Manipulation – rubber-stamp 
committees. 
Therapy – power holders 
educate or cure citizens.
Social networks: a group 
of people working in 
different organizations that 
enthusiastically pursue social 
change but have weak links 
to their constituents. They 
struggle to have inﬂuence. 
Service organizations: raise 
money for joint projects. They 
take advantage of the breadth 
of the network to generate 
ﬁnancial support.
Degrees of tokenism:
no power-sharing but those 
in power may respond to 
concerns if it suits their 
purpose.
Informing: citizens’ rights and 
options are identiﬁed. 
Consultation: citizens are 
heard but not necessarily 
heeded. 
Placation: advice is received 
from citizens but not acted 
upon
Focus or visioning groups: 
interested citizens and 
organizations giving feedback 
to proposals, providing 
information, voicing concerns 
and needs at the invitation of 
the government, only indirectly 
inﬂuencing the decision. 
Crisis management 
organizations: the platform 
tackles difﬁcult political issues 
or crisis coordination in a non-
threatening environment.
Degrees of citizen power: 
may operate outside the 
system but gain an element of 
power through cooperation; 
may also achieve aims by 
force.
Partnership: trade-offs are 
negotiated
Delegated power: citizens 
are given management 
for selected or all parts of 
programmes
Citizen control: full 
partnerships.
Social movement: an alliance 
for protesting about a project. 
It can negotiate better 
amenities or changes in the 
project when they manage 
to cooperate with their 
adversary. Management or 
co-management organizations: 
devolve decisions and 
management tasks to 
stakeholders.
Source: aArnstein (1969); bWarner (2006)
the classifications of Arnstein (1969) according to relative power exerted by 
stakeholders and Warner (2006) based on the level of power-sharing (Table 18.1). 
It should be noted that Arnstein’s categories are more clearly differentiated while 
Warner’s range along a scale between the categories given in the table and should 
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The plethora of multi-stakeholder platforms in the literature has led Warner 
(2007) to describe them as a ‘multi-legged beast, often mentioned in tales, but as 
yet rarely spotted in broad daylight’ and he considers it necessary to understand: 
why multi-stakeholder platforms are promoted; whether they actually emerge; and 
how they function. Continuing with Warner’s metaphor, several of us have spotted 
multi-stakeholder processes and platforms but we are not always sure exactly what 
‘species’ they are and whether they are another (less social and cooperative) beast in 
disguise. We may not need to know the exact species but it is useful to know how 
they exist and what they do so that we can try to breed good traits, for example, 
in terms of power-sharing and equity. 
Learning Alliances and various forms of Participatory Action Planning (PAP) 
can be considered sub-species of multi-stakeholder processes. These were used in 
the cases reviewed in this chapter (either in combination or separately) and are 
brieﬂy described here to give an introduction to the case studies. As stated, however, 
the lessons from the processes are applicable to many forms of multi-stakeholder 
processes and platforms and will help in identifying the traits that should be 
reproduced or suppressed. 
Learning Alliances and Participatory Action Planning
Learning Alliances are innovative participatory processes that aim to maximize 
the impact of research on policy and outcomes. The term has been in use in the 
business world since the 1980s and is derived from work on innovation systems, 
where innovation is associated with the commercialization of ideas, hardware 
and practices, with a focus on adapting existing knowledge rather than creating 
new knowledge (Arnold and Bell, 2001, quoted in Verhagen et al., 2008). In 
development literature, Lundy et al. (2005) describe a Learning Alliance as a: 
process undertaken jointly by research organizations, donor and develop-
ment agencies, policy-makers and the private sector through which good 
practices, in both research and development, are identiﬁed, shared, 
adapted and used to strengthen capacities, improve practices, generate 
and document development outcomes, identify future research needs 
and  potential  areas  for  collaboration  and  inform  both  public  and 
private policy decisions. 
Other deﬁnitions include the notions of identiﬁcation, development and scaling 
out and up of innovations through interconnected multi-stakeholder platforms 
at various levels, such as community, district and national (Smits et al., 2007). 
The methodology has taken off in recent years, championed by the International 
Water and Sanitation Centre (IRC) in the water, sanitation and hygiene (WASH) 
sector (Moriarty et al., 2005b; Morris, 2006) and more recently as part of a holistic 
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Participatory action planning and the multi-stakeholder process for policy 
formulation and action planning (MPAP) have been used in various ways in all 
three of the examples, with WASPA and SWITCH drawing on the planning cycles 
of ‘Participatory Action Plan Development’ (Barr, 2001; Bunting, 2005) and the 
Euro-Med Participatory Water Resources Scenarios project (EMPOWERS, www.
project.empowers.info). Both took the form of several iterative steps: situation 
and stakeholder analysis, participatory planning, visioning, assessing, consensus 
building, strategizing, reviewing, reﬂecting, disseminating and implementing 
(Barr, 2001; Bunting, 2005; Moriarty et al., 2005a). Central to the process is that 
stakeholders are given the opportunity to identify constraints, propose appropriate 
solutions, develop plans of action and embark upon the process of implementing 
preliminary development activities to address some of the most pressing and 
widely felt problems. Similarly, the MPAP approach used in RUAF requires a high 
level of participation by the parties involved. It brings all major stakeholders in 
urban agriculture together into a new form of communication and information 
exchange, dialogue, joint situation analysis, action planning, decision-making, 
gender-sensitive implementation, and monitoring and evaluation. 
EXAMPLES OF MULTI-STAKEHOLDER  
PROCESSES IN WASTEWATER USE
The three examples drawn on in this chapter are distinct but have some common 
features, for instance:
•  All three were initiated as part of donor-funded projects. 
•  As such, although there may have been initial stakeholder consultation to ensure 
that the projects and the multi-stakeholder platforms were needed or acceptable 
to the stakeholders, the convening agencies were in all cases external. 
•  All are facilitated by a lead organization that is convinced, and can persuade 
others that more appropriate and demand-driven research, interventions and 
policies will arise from multi-stakeholder processes. 
•  All involved the participation of both government and non-governmental 
stakeholders in joint situation analysis, identiﬁcation and prioritization of 
policy issues in a manner as open and transparent as possible. 
•  All use similar approaches.
The ﬁndings presented here come from a combination of internal evaluations, the 
authors’ ﬁrst-hand experiences, interviews and literature reviews. The inferences 
about WASPA, for example, draw on a combination of experience by the authors 
and on ﬁndings from an internal review and process monitoring. The SWITCH 
ﬁndings are based primarily on literature but also on the experience of the authors 
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experience of the authors in West Africa and on synthesis documents about the 
programme as a whole. 
Wastewater Agriculture and Sanitation for  
Poverty Alleviation Project 
The WASPA project was implemented in Rajshahi, Bangladesh, and Kurunegala, 
Sri Lanka, with funding from the EU Asia Pro Eco II Programme from 2005–2008 
by a consortium of national and international partners. The context for the project 
was the use of untreated wastewater in agriculture resulting from poor waste disposal 
and sanitation conditions upstream. To address this a team of researchers felt that 
an approach which made the wastewater producers, managers and end-users 
part of the process, and applied holistic and sustainable wastewater-management 
principles, through interventions in the whole wastewater continuum, would make 
agricultural wastewater use more sustainable. Stakeholder involvement to develop 
and implement PAP was central to the project. Its objectives were therefore to:
•  ﬁnd innovative local solutions through joint learning;
•  foster dialogue between local government, NGOs and the community;
•  ensure buy-in from all stakeholders for sustainability;
•  scale-up solutions to other locations.
The project proceeded through several overlapping and iterative steps (Figure 
18.1), most of which were determined and driven by the convening agency (the 
project team):
•  Initial identiﬁcation of stakeholders – to answer questions about who the main 
stakeholders are, their roles, concerns, relationships and conﬂicts.
•  Establishing Learning Alliances – by informing all stakeholders about the 
project though individual meetings at various organizations and community 
level meetings; and encourage them to come together to discuss wastewater 
management. 
•  Assessment, knowledge sharing and consensus building – a rapid appraisal 
of the existing situation, of which key components were undertaken with 
stakeholders, in order to create an informed basis for discussion.
•  Visioning and prioritizing – once the problems were deﬁned by the stakeholders, 
they were able to envisage the future desired situation, write a vision statement 
and deﬁne strategies to achieve them. The strategies were prioritized and action 
plans developed.
•  Planning and implementation – by the WASPA team with working groups 
selected by the Learning Alliance. Speciﬁc decisions relating to the activities set 
out in the action plan were approved by a core group of three to four members 
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Any amendments to the strategies or decisions about prioritizing the strategies 
were taken back to the full Learning Alliance.
•  Monitoring and evaluation – reﬂection, documentation and participatory 
analysis with stakeholders to see whether the desired results were being achieved 
(Smits et al., 2009). 
Achievements and challenges
Analysis of the process revealed that there were a number of successes and some 
challenges. Initially, the engagement of the stakeholders and development of the 
Learning Alliance was slow. Verhagen et al. (2008) attribute this to the lack of 
ﬁnancial resources, which meant that it was not possible to hire a facilitator or to 
increase the visits by international partners. Closer examination reveals that many 
other factors were at least as, if not more, important, for example: inadequate 
training of local project staff by international partners, which would have enabled 
them to facilitate the process more effectively; the narrow view stakeholders held 
of the impacts of poor wastewater management (many saw problems that affected 
them in isolation, not as part of a system); political processes outside the project 
(such as suspension of the Bangladesh government); perceived costs in time of 
involvement in the Learning Alliance; potential for relinquishment of power to 
others within the Alliance; and insufﬁcient legitimacy of the project team.
The process documentation and analysis identiﬁed these problems while the 
multi-stakeholder process was ongoing, and the project team used the ﬁndings to 
try to correct some of them. In both Bangladesh and Sri Lanka, team members were 
assigned to liaise with stakeholders; external facilitators were hired for meetings; 
Learning Alliance members were encouraged to share experiences, which enabled 
them to deﬁne a common problem and seek solutions; and structures were agreed 
by the Alliance, which gave greater working ﬂexibility and resulted in more activity. 
The real breakthrough came when the plans began to be implemented and Alliance 
members saw tangible outcomes. They realized that this was not simply another 
‘talk shop’ and they became more interested in supporting further activities. 
Figure 18.1  The WASPA project process





































Dissemination364  WASTEWATER GOVERNANCE AND ADOPTION OF RISK-REDUCTION OPTIONS
An achievement directly attributable to the project is joint action by the 
government and community for improving sanitation and waste disposal in 
communities and thereby potentially improving water quality and public health 
(though these were not measured), which did not occur prior to the project. 
Perhaps more fundamentally, the inter-connectivity of the systems, which Huibers 
and van Lier (2005) describe as the water chain, was previously not part of the 
thinking of the Kurunegala Municipal Council or Rajshahi City Corporation, 
much less part of their planning. By expanding the views of the stakeholders there 
is the potential for wastewater agriculture issues to be addressed, or at least not 
ignored, in the future, and although the prospects are not certain, the stakeholders 
would like to keep the platform going in some form. 
Sustainable Water Management Improves Tomorrow’s  
Cities’ Health
SWITCH is a large-scale research project comprising of 33 consortium partners 
representing academics, urban planners, water utilities and consultants, with 
research and demonstration activities in ten cities. The project is funded by the Sixth 
Framework Programme of the European Union and its goal is the development of 
sustainable and effective water-management systems for the ‘city of the future’. The 
project aims to improve the scientiﬁc basis for the development and management 
of urban water systems, and to ensure that they are robust, ﬂexible and adaptable 
to a range of future pressures. It focuses on closing the cycle through promoting the 
treatment and reuse of wastewater, demand management, decentralized approaches 
to service delivery and related innovations. The Learning Alliance approach was 
identiﬁed as the vehicle to drive this paradigm shift (Butterworth and Morris, 
2007), with two main objectives of the Learning Alliances being to: break down 
barriers to horizontal (stakeholders responsible for the various components of 
the urban water system) and vertical (various levels of government) information 
sharing and learning; and speed up process identiﬁcation, development and uptake 
of solutions.
The Learning Alliance process is required not only to understand the priorities 
of potential users, but also to take account of the prevailing institutional context, to 
undertake research in partnership with implementers and other key stakeholders, 
and to communicate results and emerging innovations effectively (SWITCH, 
2008). Through the visioning and scenario analysis, city stakeholders have been 
encouraged to think about and assess the impact of the decisions that they take 
today on a range of possible futures, and to examine the barriers to the uptake of 
science in policy. 
One component of the project focuses specifically on identifying and 
integrating appropriate productive reuse of urban water for agriculture into the 
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of cities. This component is being implemented in Accra, Beijing and Lima, and 
linkages have been developed with Hamburg (van Veenhuizen et al., 2007).
Achievements and challenges
An example of success is the Learning Alliance in Hamburg, Germany, where water 
has been put at the centre of development in an area of future urban expansion 
(SWITCH, 2008). The Learning Alliance clearly articulated that there were several 
problems that had to be solved and, through such conversations, trust and a sense of 
ownership in the Learning Alliance and its objectives were built up. The Learning 
Alliance now forms the basis for joint research, planning and action among four 
groups that were not previously well connected: the city administration, local 
citizens, urban water managers and planners, and researchers. 
As with WASPA, the SWITCH Learning Alliances were externally initiated 
and not fully demand-driven, and are, so far, externally funded and not yet 
institutionalized. Furthermore, projects and activities related to integrated urban 
water management at city level were not clearly deﬁned at the start because they 
were meant to be developed through the process, but this limited the possibility 
of attributing project funding to the activity. A similar problem was experienced 
in WASPA with the project funding agency insisting on detailed activities and 
budgets before the project had even started. It is, however, vital that in these 
processes multi-stakeholder platforms identify objectives quickly and start some 
joint activities, otherwise the energy of such platforms will diminish (Butterworth 
et al., 2008).
In the three cities where wastewater agriculture was the focus, van Veenhuizen 
et al. (2007) noted that there were both common and speciﬁc challenges. They 
reported that the process of developing joint action within a multi-stakeholder 
context requires time and needs to be adapted to the particular institutional 
arrangements and research and planning cultures of the different countries. 
Furthermore, for innovations to be scaled out and up, it is essential that there is 
effective process documentation, monitoring and evaluation (M&E), preferably 
in participatory mode, using tools such as outcome mapping, the use of micro-
scenarios and knowledge management. 
Resource Centres on Urban Agriculture and Food Security
RUAF seeks to develop the capacities of stakeholders, strengthen collaboration 
and networking among them and facilitate access to information and the sharing 
of experiences. Through its ‘Cities farming for the future’ programme, it has 
established multi-stakeholder platforms in 20 pilot cities around the world in 
order to improve the productivity of urban and peri-urban agriculture, and to 
increase ofﬁcial recognition and support for the practice, which is an important 366  WASTEWATER GOVERNANCE AND ADOPTION OF RISK-REDUCTION OPTIONS
source of perishable food crops to cities in less developed countries and a source 
of livelihoods to urban poor. A particular problem that has to be addressed is that 
water resources are often contaminated with wastewater, the use of which is not 
ofﬁcially sanctioned. Furthermore, farming is marginalized in municipal planning, 
with no legal framework to protect farmers, who often work without any formal 
structures such as farmers’ organizations. As a result, it was perceived that a multi-
stakeholder participatory approach should be applied (Drechsel et al., 2008) to 
address all these issues. 
The MPAP approach, as conceived for West Africa at the onset of programme 
implementation, is schematically presented in Figure 18.2. It shows in particular 
how the policy change process could be integrated into the MPAP process to 
support policy outcomes which mainstream gender. The process pathway was 
modified for various cities within the region depending on the local policy 
environment.
Figure 18.2  Schematic of the MPAP approach in RUAF, West Africa 
Source: Coﬁe et al., 2005.
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Achievements and challenges
RUAF in West Africa has had many achievements as well as broader successes 
associated with institutionalizing the process. It has: 
•  Informed policy-makers at the national ministerial level, urban agriculture 
stakeholders and the general public in Accra, Freetown, and Ibadan. The 
process has resulted in reasonable levels of commitment to promote urban 
agriculture, with recognition of the signiﬁcance of wastewater irrigation and 
the need for safer practices.
•  Increased capacities of local stakeholders in urban agriculture to appreciate the 
water-quality challenges and reduce the risks.
•  Incorporated urban agriculture and informal irrigation into national irrigation 
and agriculture policies of Sierra Leone and Ghana with mention of the need 
to address water-quality issues pragmatically. 
•  Reviewed by-laws on urban agriculture which address safe use of wastewater 
through improved irrigation and agricultural practices.
•  Developed guidelines for urban agriculture in Ghana, which cover how to 
achieve water-quality improvements on farm, applying safer irrigation and 
agriculture practices, and improving food safety.
•  Institutionalized the National Best Urban Agriculture Farmers award in Ghana 
after 22 years of annual celebration and the next step is to use the adoption of 
safer practices as a criteria for selection.
•  Secured funds for urban agriculture activities in Sierra Leone, demonstrating 
donor interest.
•  Prompted curriculum development on urban agriculture, addressing safer 
irrigation practices in urban agriculture at the university level. 
There were, of course, a number of signiﬁcant challenges, including personal 
commitment versus institutional interest, which was also evident in WASPA. For 
instance, in some cities in the RUAF project, an institution with great power to 
initiate a necessary course of action did not have representation on the platform by 
an individual with commensurate commitment and position to effect institutional 
change. In other cases, the most committed individuals were from less powerful 
institutions. The level of capacity of stakeholders, including convening agencies, 
was an issue and sometimes there were conﬂicting interests within the platform.
DISCUSSION
One key element that has a powerful inﬂuence over the effectiveness of multi-
stakeholder processes in this area is the degree to which powers of decision-
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administrative level at which the platform is constructed. All three processes took 
place at the city municipality/metropolitan level. As such the key stakeholders had 
some degree of autonomy over implementing decisions and the use of resources. 
However, in many instances devolution of responsibilities is not uniform for all 
the sectors interacting on wastewater agriculture. For instance, in the case of Accra, 
Ghana, wastewater service provision has been decentralized to the city-authority 
level, but this is not the case for water supply. Both agriculture and public health 
are represented at the city level via municipal departments, but policy and strategy 
decisions are still centralized. Thus, in the case of wastewater agriculture, decisions 
on wastewater management and the use of land and water resources for agriculture 
can be made at the city level for some scenarios of use, but certain sources of 
water are under the jurisdiction of the water or power utility, or under the water 
resources commission, all of which have centralized and sometimes autonomous 
functions outside of the administrative boundaries. Decisions on their use cannot 
be made if the stakeholder platform operates at the city level, unless there is 
vertical representation as well. This non-uniform devolution of responsibilities 
complicates the functioning of such platforms and processes, and overcoming the 
constraints requires a thorough knowledge of the governance framework under 
which wastewater agriculture functions. 
A number of other factors critical to the success of multi-stakeholder platforms 
have been identiﬁed through analysis of the three case studies and other related 
processes (Dubbeling and de Zeeuw, 2007; Mitchell, 1997; Warner, 2006, 2007). 
These are listed below: 
•  The issues addressed must be pertinent to stakeholders. 
•  Institutionalization has to be built in from the outset. 
•  The process should be well planned with clarity about the aims, expected 
results, roles, responsibilities and time frame.
•  Selecting the stakeholders and understanding their needs and positions is 
important, particularly those of less powerful groups. 
•  Early implementation of activities that produce concrete outputs will help to 
reinforce commitment and participation.
•  Beneﬁts must be widely understood and accepted to facilitate the paradigm 
shift needed in most multi-stakeholder processes. 
•  Monitoring and (self-)evaluation throughout the process by all stakeholders 
will result in improved learning and better outcomes. 
•  Regular formal and informal communication that creates transparency is critical 
to the process. 
•  Facilitation and conﬂict mediation skills are vital.
•  Ideas and plans that deviate from current modes must be accommodated.
•  Willingness to adapt to changing circumstances and uncertainty must be 
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•  Trust, mutual respect and patience, especially in the face of frustration and slow 
progress, are key ingredients. 
In addition, a lesson articulated by the SWITCH project, but evident in all three 
of the examples, was that there are critical questions that must be asked early in 
the process to ensure success (Box 18.1). 
Several of these factors and questions have been amalgamated and are discussed 
in more detail below. Critical issues identiﬁed by the case studies centre around: the 
priorities of the stakeholders and those initiating the process; institutionalization; 
clarity on goals and management; stakeholder selection, involvement and 
representation; outputs and outcomes; and communication. 
BOX 18.1 QUESTIONS TO BE CONSIDERED AT AN  
EARLY STAGE OF MULTI-STAKEHOLDER PROCESSES
•  How is the process to be funded, and costs and beneﬁts shared?
•  How will communication take place between stakeholders?
•  How will capacity and training requirements be assessed and addressed?
•  How will the problems around which the multi-stakeholder process is built be 
assessed?
•  How will learning be assured both within and outside the platform?
•  How will engagement with inﬂuential stakeholders outside the platform take place?
•  How will the platform monitor and evaluate its performance?
•  How will the process be documented to ensure that lessons are learnt and processes 
optimized in future? 
External initiation and priorities 
All three multi-stakeholder processes were initiated by ‘outsiders’ (although it 
should be noted that they, too, are stakeholders) to address needs as they perceived 
them; whilst these issues were undoubtedly real they did not necessarily address 
the most pressing needs of all the local stakeholders (Drechsel et al., 2008). The 
salience of an issue is one of the key factors in the desire of a stakeholder to be part 
of a planning process; the absence of this may result in late entry or self-exclusion, 
not least because involvement takes time (Warner, 2006). It could be argued that 
any multi-stakeholder process that attempts to address issues that are not pertinent 
to all stakeholders should not take place, but this fails to recognize the fact that 
not all stakeholders have the same experiences and thus some may be concerned 
while others are not. Furthermore, the problem may not currently seem urgent 
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management in a city may be manageable at present but as cities grow the sheer 
volume of waste will increase the difﬁculty. 
The purpose of a multi-stakeholder process is to overcome this and to change 
attitudes. However, even if stakeholders do have an interest in the issue they may 
not be convinced that a multi-stakeholder process is the most appropriate way to 
resolve it. Therefore, good facilitation is essential and a level of awareness-raising 
is likely to be necessary. 
Institutionalization
The initiating and anchor agencies, and the processes they follow, inﬂuence the level 
of institutionalization that can be achieved. Success and long-term sustainability 
are helped by building on existing processes and depend on the anchor institution. 
Ramírez (2001) suggested that before initiating the process, platform convenors 
must analyse their own roles and objectives in terms of power, legitimacy and 
urgency. The issue of urgency relates to the perceived salience of the issue as 
discussed above. In RUAF, the main convenor at the city level was an international 
research organization (the International Water Management Institute, IWMI) and 
in WASPA it was IWMI and national non-governmental organizations. These 
organizations had limited power, which inﬂuenced the willingness of stakeholders 
to come to the table and their level of involvement. In WASPA, legitimacy could 
have been enhanced if the project had received the formal approval of central 
government departments, which emphasizes the importance of interlinked multi-
level platforms as advocated in the Learning Alliance approach. With SWITCH, 
the level of commitment and progress varied depending on the institution that 
facilitated the process: where a local authority embraced the project, more progress 
and real impact was seen. The advantage of an independent research organization 
leading the process is that it is not perceived to be supporting existing power 
structures. 
In emerging economies where civil society and the private sector still play only 
a minimal or marginal role, and government has a majority say in decisions, there 
is a need for the right government institution to be convinced of the usefulness 
and to be the anchor for the process. However, an external skilled facilitator is also 
required as they are perceived to be more neutral. 
Clarity on goals and good management 
All multi-stakeholder processes, especially when externally initiated as projects, 
start with a set of goals. Ideally, as the SWITCH project highlighted, there is 
a need for establishing shared goals early on, but it is difﬁcult to initiate the 
process without some predetermined goals. This may not be incompatible with 
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mutually exclusive. For example, the project goal may be ‘to encourage multiple 
stakeholders to engage in knowledge sharing and collaborative planning for 
improved wastewater management’, while the multi-stakeholder platform goal may 
be vision-based (e.g. to improve the quality of water reaching farms by reducing 
inputs from hospitals). If goals cannot be agreed upon, then there is a fundamental 
problem that would suggest that the platform has either been created around an 
inappropriate issue or that additional preliminary work needed to be done to share 
opinions and to identify the appropriate challenge. In some such cases, conﬂict 
resolution and negotiation skills are likely to be needed, but such situations are rare 
and stakeholders are usually willing to discuss and seek pragmatic solutions. The 
WASPA project team realized that even more awareness-raising and joint activities 
to understand the issues around wastewater agriculture at the outset would have 
made the visioning, planning and implementation far smoother. 
The goals need to be achievable to avoid disappointment if expectations are 
raised too high (Warner, 2006). In the projects reviewed, expectations tended to 
be high, aiming for policy changes, demand-led research and implementation of 
action plans. Only some of these expectations were met but in all cases stakeholders 
commented that the multi-stakeholder platforms had contributed to their knowledge 
and capacity, an outcome which should not be underestimated. They also brought 
together individuals and organizations who had rarely or ever met in the past. Of 
course, this can be seen as a form of tokenism, as observed by Arnstein (1969), 
but not if it is part of a legitimate process to stimulate understanding, capacity and 
ultimately collaboration, in which case it is a necessary ﬁrst step.
Goals must be time-bound and supported by a negotiated framework of roles 
and responsibilities that will result in their realization. The RUAF project found 
that the results of the process can be disappointing if there is poor management, 
inadequate planning and insufﬁcient transparency. There is, however, a balance 
to be struck between being ‘well organized’ and ‘overly prescriptive’, which can 
make the process very slow and resource-intensive, and may alienate stakeholders 
because they feel that everything has already been decided and they are just pawns 
in the process to legitimize predetermined concepts and activities. The optimal 
situation is one in which a minimum set of criteria are provided for the platform 
or process that ensure that it goes beyond rhetoric and tokenism. The speciﬁc 
structure, mandate, and terms and conditions should be one of the ﬁrst things 
decided by the stakeholders themselves. 
Stakeholder involvement and representation 
The importance of stakeholder selection, analysis and inclusion are naturally central 
to an effective multi-stakeholder process. All three projects were concerned with 
how to ensure that as many stakeholders as possible were represented but inevitably 
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encourage stakeholders to play an active role but it may be more productive to 
work with those who perceive the beneﬁts and want to engage. The danger is that 
stakeholder groups who are normally excluded from decision-making processes, but 
who are highly affected by decisions, may exclude themselves for various reasons, 
and special measures might be need to overcome this (Verhagen et al., 2008).
Even where the platform appears to be representative it is not always certain 
that the delegate is adequately representing his or her constituency. As the RUAF 
project found, it is sometimes difﬁcult to differentiate between the involvement of 
the individual and the organization, likewise it is hard to determine whose views 
they represent without meeting the entire group. Multi-stakeholder platforms 
therefore have a tendency to ‘federate’ often competing local interests and do not 
provide a clear understanding of individual motivations. This is especially true when 
there is no mechanism to select representatives and provide exchanges between the 
stakeholder group and their spokesperson. There are means to overcome this, 
such as establishing or revitalizing local-level groups (farmers’ groups, village 
committees, water-user associations), as was attempted in WASPA, but this will 
only go some way to addressing the challenges inherent in representation as a mode 
of decision-making. The facilitator could also facilitate platforms at lower levels, 
but this may not be sustainable if these agents are external (i.e. project based), 
and if they are internal (i.e. other stakeholders) it may not overcome the existing 
power imbalances. 
Tangible outputs, outcomes and good communication 
The purpose of multi-stakeholder platforms is to reach consensus about problem 
deﬁnitions and solutions. Although this initial stage may be slow and frustrating, 
because developing a commonly shared vision, agreeing on objectives and 
establishing effective communication between members takes time and effort, 
it should not be rushed as it is central to the ultimate fairness, transparency and 
efﬁcacy of the platform (Verhagen et al., 2008). However, that does not mean that 
outputs should be suspended until all aspects of the platform structure have been 
deﬁned and a full plan written. Many convenors of multi-stakeholder platforms 
have found that stakeholders more readily converge around tangible outputs which 
they perceive to be real beneﬁts. It is suggested that such physical outputs should 
be planned for at the outset (although the speciﬁcs should be decided with the 
stakeholders) to give impetus to the process by demonstrating the beneﬁts (Evans 
and Varma, 2009). The crux is how fast to proceed to demonstrate results while at 
the same time proceeding slowly enough to have true (or acceptable) participation 
in setting the objectives. Lessons from WASPA suggest that the ideal is to create an 
initial vision and plan early on (which was not done in this instance) and to select 
‘quick wins’ that are unlikely to negatively impact on any stakeholder or other 
component of the plan, but which demonstrate commitment to the process. MULTI-STAKEHOLDER PROCESSES FOR MANAGING WASTEWATER USE  373
Attaining an optimal mix and timing is therefore critical to demonstrate valid 
results that have the support of all the stakeholders, especially those with the least 
inﬂuence. The degree of true participation is affected by how the platform perceives 
the initiator’s attitude towards it. Equally, it is time related, especially on platforms 
where there is wide diversity in experience and inﬂuence of stakeholders, who need 
time to acclimatize and feel comfortable.
Maintaining interest can also be achieved with targeted and appropriate 
communication. All multi-stakeholder processes require adequate knowledge 
sharing and transparency, which can be supported by the early establishment of a 
communications strategy. This should include a variety of components to appeal 
to the different stakeholders, including newsletters, working papers, policy briefs, 
posters, calendars, drama, newspaper articles, presentations, websites and exposure 
visits. 
Scaling-up 
Scaling-up has so far proven to be one of the most difﬁcult components for the 
Learning Alliances to achieve. The causes of this need more detailed analysis but 
at a superﬁcial level some limiting factors can be articulated. Firstly, investment 
in Learning Alliances is high, mainly in terms of time but also ﬁnancial, which 
limits them. In the cases presented here, all three projects were also engaged in 
participatory action planning which can be resource (time) intensive and although 
resulting in positive local outcomes this may be to the detriment of wider impacts. 
The second reason that scaling-up did not take place was that the innovations were 
simply not captivating enough. Thirdly, it is possible that there was a failure to 
engage adequately at higher political levels. This was deﬁnitely the case in WASPA 
but much less so in RUAF, which resulted in some policy changes. The reasons 
for this are complex but relate again to time, resources, political clout within the 
project, decentralization and the need to work closely with local government, 
especially on the action plans, as wastewater reuse is not a priority at national 
level. 
Implications for wastewater irrigation 
Many of these points may be equally applicable to a multi-stakeholder process 
around any issue. What can these case studies add to our knowledge about how to 
improve wastewater management for productive use in agriculture? Reviewing why 
multi-stakeholder processes for wastewater irrigation are different helps in this:
•  Wastewater irrigation cuts across typical sectoral and geographical policy and 
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•  Stakeholders may have radically different viewpoints, not just in opinions on 
wastewater use but also in understanding and awareness of current practices 
and potential health and environmental risks and beneﬁts. 
•  For some stakeholders, concerns over health and environmental risks make 
even discussing the issue untenable, especially where it is actually illegal.
These characteristics serve to heighten the relevance of the ﬁndings, because they 
create conditions that require negotiation, discussion, shared learning and mutual 
solution ﬁnding, more so than in many other sectors. For example, the second 
and third points reiterate the fact that initiation may need to be external as there 
is unlikely to be sufﬁcient impetus locally because of differing opinions, but also 
that good facilitation, representation and communication can result in shared goals 
and signiﬁcant outcomes. 
In addition, as explained above, it must be remembered that the degree of 
decentralization and devolution of governance systems, especially when this is 
non-uniform across sectors, have particular implications for wastewater irrigation 
which necessitates inter-sectoral integration. 
CONCLUSIONS 
Wastewater management and reuse in less developed countries is spontaneous 
and often occurs in an institutional vacuum with poor planning processes. Under 
these conditions multi-stakeholder platforms play the role of convening various 
actors to solicit their inputs in the belief that such joint action and commitment 
are necessary ingredients for improving speciﬁc wastewater challenges.
Stakeholders’ views on wastewater management and reuse are variously 
inﬂuenced by their perceptions of its risks and beneﬁts as a resource. Thus, it is 
imperative that all voices are heard, for which purpose multi-stakeholder platforms 
are crucial. There is, however, no blueprint for the optimal functioning of a multi-
stakeholder platform or process; it is dependent on the local socio-economic and 
cultural contexts, and the platform has to be woven into the existing institutional 
fabric if it is to have impact (Drechsel et al., 2008). 
Understanding the metaphorical ‘beast’ to which Warner (2007) likens 
multi-stakeholder processes, and breeding its good traits, will ensure that future 
multi-stakeholder processes have maximum effect and do not simply become 
the rhetoric of projects and programmes wishing to justify their actions. Within 
the wastewater-agriculture sector, multi-stakeholder processes have not yet been 
extensively used. In the three case studies described here (WASPA, RUAF and 
SWITCH), some successes are recognized, but practitioners need to learn how to 
effectively operationalize and sustain such platforms, in particular, making them 
less time-consuming and resource-intensive, realistic in their goals, and inclusive. 
Solutions will be more easily identified and effectively implemented if such MULTI-STAKEHOLDER PROCESSES FOR MANAGING WASTEWATER USE  375
platforms can capture and make use of the knowledge, experience and desires of 
all relevant stakeholders. 
NOTE
1  Individuals, groups or institutions that are concerned with, or have an interest in, 
a particular issue or systems, at any level in society and of any size, organized or 
disorganized (Grimble and Wellard, 1997).
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ABSTRACT
Wastewater irrigation is a widespread and growing phenomenon that carries 
varying degrees of risk. Whether spontaneously practised in urban and peri-
urban agriculture or planned as part of water reuse programmes, food and fodder 
production using untreated sewage or treated efﬂuent can have serious human 
health implications for farmers and consumers, and can irreversibly degrade 
the environment. In low-income countries water pollution is often the result 
of inadequate wastewater collection and treatment, and unplanned release to 
receiving water bodies. Making wastewater irrigation safer depends on a location-
speciﬁc combination of different pathogen barriers including, where possible, 
appropriate wastewater treatment. Ensuring that these strategies work in an 
integrated, mutually supportive manner requires a multi-sectoral paradigm shift 
in the common approach of wastewater management for disposal. Additionally, 
it is crucial to continue research (especially in developing countries) on the types 
and severity of risk, locally feasible mitigation options, the cost-effectiveness of 
safer wastewater irrigation practices compared to other interventions against 
diarrhoea and facilitating the adoption of ‘non-’ or ‘post-treatment’ options. This 382  CONCLUSIONS AND OUTLOOK
concluding chapter presents an outlook for wastewater irrigation by integrating 
the major ﬁndings of the present volume, synthesizing key elements of the current 
global status and challenges of sanitation and wastewater irrigation with emphasis 
on the WHO Guidelines. It also highlights wastewater-governance opportunities 
with the greatest potential to support safe wastewater irrigation that simultaneously 
address the combined challenges deriving from the global sanitation, water and 
food crises.
INTRODUCTION
With the water and sanitation crises being main drivers of planned and unplanned 
wastewater irrigation, respectively, the recent rise in food prices renewed public 
interest in safe food production in and around cities. All three challenges (water, 
sanitation and safe food) are increasing as cities grow (Figure 19.1). According to 
the Comprehensive Assessment of Water Management in Agriculture, urban and 
peri-urban agriculture suffer most from poor water quality: already today urban 
farmers must rely on polluted water sources for irrigation in four out of ﬁve cities 
in the developing world (Raschid-Sally and Jayakody, 2008). 
Over the past ten years growing interest in understanding untreated wastewater 
use for irrigation has produced a large array of publications and reports on the 
livelihood and food-supply beneﬁts. It has also been made abundantly clear that 
the approach of banning this largely informal practice will not work (Scott et 
al., 2004). The key challenge is to maximize the beneﬁts of wastewater use while 
Figure 19.1  World population from 1950, projected to 2050
DCs = developing countries; ICs = industrialized countries.
Source: United Nations (2008)WASTEWATER IRRIGATION AND HEALTH  383
protecting public health and the environment, i.e. making wastewater use safe 
while enhancing its value as a resource to address physical or economic water 
shortage (see the 2002 Hyderabad Declaration on Wastewater Use in Agriculture, 
www.iwmi.cgiar.org/health/wastew/Hyderabad_declaration.htm).
Urban and peri-urban agriculture flourishes in low-income countries as 
rural migrants move to cities where open plots and waste resources allow them 
to capitalize on the urban demands for traditional as well as non-traditional cash 
crops, like irrigated exotic vegetables consumed as salad. These demographic and 
production shifts on the food-supply side are coupled with the rising purchasing 
power of the urban middle class and proliferating urban markets on the demand 
side. The net result is an expansion of health-risk transmission pathways that may 
ensue from water pollution and wastewater irrigation.
Compared with rural populations, common pathways might differ. While in 
rural areas, exotic vegetables and raw salads might be unknown and safe drinking 
water is still a major challenge, the situation can be very different for urban dwellers. 
Although urban populations might beneﬁt from improved diet and access to water 
and health care, distress-migration, increased numbers of immuno-compromised 
individuals (not least as a product of the AIDS pandemic), increasing street-food 
consumption and rising population densities of urban slum inhabitants without 
access to adequate sanitation constitute a new set of risk factors, ‘hotspots’ and 
possible pathways of epidemics.
The global hotspots for wastewater-irrigation-related health risks, and other 
health risks linked to inadequate sanitation and waste disposal, are: speciﬁcally 
those countries and regions where wastewater treatment, namely investing in 
and operating treatment plants, remains beyond the capacity of governments; 
and where diffuse exposure pathways exist both for wastewater irrigators (urban 
agriculture labourers) and especially consumers along the food chain. In such 
situations, it is essential to provide local governance with information on the variety 
of existing and possible options to minimize health risks. 
In this ﬁnal chapter, we summarize current understanding of wastewater 
irrigation by drawing heavily on other chapters in this volume, which are not 
cited directly here. The reader is encouraged to consult the contents of the entire 
volume, designed to develop the case for safe wastewater irrigation by laying out 
the current context, providing detail on risk assessment and mitigation, and ﬁnally 
considering governance and policy challenges and responses. We aim to provide 
an integrated outlook on wastewater irrigation and the mitigation of associated 
health risks in developing countries. 
To characterize the multifaceted nature of the practice, we refer to the deﬁni-
tions in Chapter 1, but to capture for the reader the two most common but 
fundamentally different situations of wastewater use in terms of their geographic 
signiﬁcance, drivers and challenges (Table 19.1), two types are highlighted here 
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1  Unplanned use of wastewater in agriculture is a very common and widespread 
practice in and around urban centres in the developing world, resulting 
primarily from inadequate sanitation and widespread pollution of surface-water 
bodies. This results in crops being irrigated with highly polluted water which 
might be untreated, partially treated or – in most cases – diluted wastewater. 
Such use occurs in humid and arid regions alike, and will continue to expand 
as long as investments in wastewater management do not keep pace with 
population growth and urbanization, leading to uncontrolled pollution of 
water sources. 
2  Planned wastewater use is more common in drier regions where wastewater 
streams are generally channelled, after at least partial treatment, for controlled 
reuse in agriculture to offset water shortage. This practice is increasingly gaining 
ground given the prevailing water scarcity context. 
The global extent of planned wastewater irrigation we estimate as an order of 
magnitude less than the former (see Figure 19.2). 
In contrast to the common perception that the key challenge of wastewater 
irrigation is more a question of designing and implementing safe wastewater 
irrigation schemes, the common reality of unplanned wastewater irrigation puts 
authorities in need of immediate action to address the possible risks accruing 
from informal plots throughout urban and peri-urban spaces. Even if this might 
only result in ‘damage control’ (Drechsel and Raschid-Sally, 2009), it requires a 
framework for risk assessment and risk mitigation to prioritize and implement well-
targeted and locally appropriate risk-management responses. This concept is based 
on the World Health Organization’s 2006 Guidelines for the Safe Use of Wastewater, 
Excreta and Greywater in Agriculture (WHO, 2006) which put signiﬁcant emphasis 
on unplanned wastewater use. 
This emphasis was indeed necessary. In many developing countries authorities 
are hardly equipped to address point pollution, and are increasingly lost in view 
of diffuse hazards. Risk-assessment methods have never been used; data for risk 
quantiﬁcation is missing; and there is no local information on the effect of available 
mitigation measures in terms of safety, risk-reduction potential, and economic and 
cultural acceptability. The WHO Guidelines distinguish between those situations/
countries where treatment alone will be able to break the pathogen cycle and those 
lower on the ‘sanitation ladder’, where only alternative approaches or a combination 
of treatment and non- (or post-) treatment practices will achieve acceptable risk 
reduction. This does not imply that there should be different standards for different 
countries. On the contrary, following the philosophy of the WHO Guidelines, 
all countries should aim at the same tolerable disease burden per person per year. 
However, how fast this target can be achieved will depend on the country’s current 
situation, context, and managerial and human resource capacity to progress. A 
step-wise approach is recommended as each risk reduction is better than none, 
while being aware that the way chosen via different combinations of treatment and WASTEWATER IRRIGATION AND HEALTH  385
Figure 19.2  Countries with greatest irrigated areas  
using untreated or treated wastewater
* Data uncertain
(1) Area probably underestimated
# Practice reported (incl. forestry), data missing
Sources: Jiménez and Asano (2008), modiﬁed; for China: Xianjun et al. (2003)
post-treatment options might change as the country develops from more human 
to technically based options. 
RISK ASSESSMENT, MITIGATION AND THE WHO GUIDELINES
The most important ‘at risk’ groups are, on the one hand, farmers or ﬁeldworkers 
and their families, and, on the other, food consumers, especially where irrigated 
vegetables are eaten raw (e.g. lettuce, tomatoes). A third group sometimes mentioned 
is made up of those communities living close to wastewater irrigation areas (both 
planned and unplanned), where accidental contamination can take place. In most 
cases, these groups have differing levels of knowledge about the hazards they 
might face – when farmers know of occupational health risks they often accept 
them as part of their business, whereas consumers usually do not know about the 
source/treatment of their food and, if they did, they would prefer another source. 
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Also, in many developing countries consumers’ educational status is low in view 
of ‘germs’ and their transmission. 
WHO’s change of focus from water-quality thresholds, i.e. critical pathogen 
levels in irrigation water, to health-based targets acknowledges the needs of 
developing countries still unable to afford the costs of large-scale wastewater 
management systems. While efﬂuent-quality thresholds might work for particular 
treatment plants and related wastewater-reuse schemes, they can hardly be achieved 
in the much more common case of unplanned wastewater use along generally 
polluted streams. The new focus on health-based targets and multiple pathogen 
barriers provides local health-risk managers with the needed ﬂexibility to address 
the situation of unplanned use. The new Guidelines therefore try to respond equally 
to the whole range of countries from low on the sanitation ladder (developing 
countries) to high (industrialized countries). 
For the same health-based target, unplanned use and planned use of wastewater 
require however different risk-management approaches and corresponding 
guidelines (Table 19.1). This poses the question of whether the WHO Guidelines 
should better distinguish between different scenarios which could make them 
easier to read for stakeholders in different groups. The current global nature of 
the WHO Guidelines makes them unnecessarily complex, which is affecting 
Table 19.1  Characteristics of two principal wastewater irrigation types
Unplanned (indirect) use Planned (direct) use
Management status Unplanned activities along 
streams in/near urban 
centres
Planned use at a particular 
location
Climates All climates, mostly driven by 
poor sanitation
Mostly arid, but also driven by 
economic water scarcity 
Physical locations Diffuse area  Speciﬁc sites near actual or 
potential treatment plants, or 
channelled to agriculture sites
Ofﬁcial recognition  Often informal sector Formal sector
Water quality  Varies largely from untreated 
to partially treated to 
seasonally or generally 
diluted wastewater 
Treated, partially treated, or 
also raw wastewater
Health-risk mitigation focus Safer irrigation and post-
harvest measures mostly for 
unrestricted irrigation
Treatment for reuse; crop 
restrictions possible
Existing institutional capacity Low to moderate Moderate to high
Main policy challenge Balancing beneﬁts against 
risks; pollution control
Wastewater governance for 
safe and productive reuse
Risk-mitigation challenge Incentives to support 
adoption of risk-mitigation 
measures
Maintenance of treatment 
plants and control of post-
treatment measures
Position on sanitation ladder Lower         HigherWASTEWATER IRRIGATION AND HEALTH  387
their readability especially for policy makers and adoption. However, the number 
of practical examples as those presented in this book is increasing, showing that 
the new WHO Guidelines are feasible but as the approach is new more capacity 
building on their local adaptation is required.
With the target being healthy ﬁeldworkers and consumers, local risk reduction 
can draw on a variety of measures, which can include not only wastewater treatment 
but also post-treatment options such as post-harvest pathogen die-off and safer 
methods of wastewater fetching, application and produce processing. Instead of a 
single measure providing the desired effect, the combination of such measures are 
together able to reduce the additional burden of disease from wastewater use in 
agriculture to acceptable levels. 
The 2006 WHO Guidelines suggest a combination of quantitative microbial 
risk assessment and Monte Carlo simulations (QMRA-MC) to determine the 
possible risk level, or in other words the required pathogen reduction via a locally 
appropriate combination of health-protection control measures. However, even 
where the available data do not allow the application of QMRA, it is perfectly 
reasonable to stay on the safe side and aim at pathogen reduction of 5–6 log 
units on the irrigated produce, which can be achieved to safeguard consumers by 
different combinations of treatment and post-treatment options, depending on 
their availability and implementation potential which must be locally ascertained. 
A possible combination might be 2 log units through treatment, 3 log units from 
safer irrigation and pathogen die-off, and 1 log unit by produce-washing in clean 
water. This example only requires the laboratory capacity to analyse, for example, E. 
coli as the most common pathogen indicator, without stringent need to understand 
the theory of the Guidelines, QMRA and the concept of disability-adjusted life 
years (DALYs). However, the advantage of the QMRA would become obvious if 
the actual risk is lower and less effort (and related costs) is required to safeguard 
health.
There are still a large number of key issues to be addressed (Box 19.1). 
BOX 19.1 KEY TECHNICAL AND  
SOCIO-INSTITUTIONAL CHALLENGES
HEAL TH-R ISK ASSESSM ENT
The WHO Guidelines are based on models which were largely developed and veriﬁed 
in developed countries. This raises the need for studies in developing countries to 
ﬁne-tune or improve the existing risk-assessment approaches (actual exposure, dose-
response estimates, immunity, etc.) and to improve our understanding of the match 
between easily collected and analysed indicator organisms and actual pathogens of 
local relevance, and eventually the results of the QMRA analysis. Another challenge 
is that risk assessment and (post-treatment) mitigation measures by and large only 
address pathogen-based threats while, especially in emerging economies, the inﬂow 388  CONCLUSIONS AND OUTLOOK
of industrial (or chemically polluted) wastewater requires increasing attention. There is a 
need to build on the work of Chang et al. (1995) to further develop quantitative chemical 
risk assessments (QCRA) tools, including computer-based applications similar to those 
for QMRA. 
WHO Guidelines application
While the previous, simple, water-quality thresholds still look appealing, even if they 
are often unrealistic, the new more ﬂexible approach – with many options, formula-
based risk assessment needs and health-based targets expressed in DALYs – is 
understandably complex and requires signiﬁcant interpretation for different situations 
if it is to implemented. So far, a common reaction of agencies, ofﬁcials and others 
charged with managing wastewater, particularly indirect use, is that the Guidelines 
are simply too complex to understand and use. Meanwhile, to those planning direct 
wastewater use they are too general and miss the ‘good old’ conventional water-quality 
thresholds. In situations of planned reuse, however, the Guidelines support strict water-
quality standards, if these can be maintained, and only recommend additional post-
treatment measures if treatment alone cannot achieve the log reduction needed for the 
intended restricted or unrestricted irrigation. As summarized above, where institutions 
face the widespread challenge of indirect use and low internal management capacities, 
in practice it is not necessary to perform QMRA in order to apply the Guidelines, 
especially in situations where few, if any, local data are available. However, it will still 
require signiﬁcant awareness creation to explain the options that the Guidelines offer in 
these and other settings. 
Protecting ﬁeldworkers
While most examples above refer to consumers, ﬁeldworkers are best protected 
through wastewater treatment. However, because this might only contribute 2 log units 
of pathogen reduction, additional interventions may be required. A tolerable pathogen 
level can be assumed provided the workers and farmers are informed of their risks 
and accept risk-reducing measures, e.g. wearing protective clothing, avoiding water 
contact while fetching water (pumping instead of immersion) and applying water (furrows 
instead of overhead watering using cans), or via personal hygiene and/or regular anti-
helminthic treatment. However, in practice, farmers’ awareness of risks is often low or 
the perceived problems are considered part of the business.
Rethinking wastewater management
Where countries are moving towards planned direct use key challenges can be manifold, 
including legislation for wastewater use and pollution control, public-health engineering 
(locally implementable technologies for pathogen removal), economics (costs and 
beneﬁts of the treatment and non-treatment options), and institutional capacities and 
linkages. In particular, the latter is required to constructively strengthen links between 
the sanitation and agricultural sectors, e.g. via multi-stakeholder platforms. What is 
most required is a paradigm shift to design treatment facilities, not for waste disposal, 
but to enhance conservation of resources with an economic value, through forward-
linking ‘Design for Service’ concepts. This approach, which requires capacity building 
across conventional disciplinary boundaries, can work both ways by bringing treated 
wastewater on farm or bringing the principles of wastewater treatment to farmers. 
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simple in application, effective for pathogen removal and support reuse by maintaining 
crop nutrients.
Social acceptability
Social challenges related to safe wastewater irrigation have so far been viewed in 
terms of culturally rooted discomfort with reusing human waste, which is actually less 
frequent among farmers than anticipated. Much larger challenges concern the ability of 
individuals and farm communities to adopt and sustain post-treatment risk-mitigation 
options. This is important as the cost-effectiveness of these options is lost if they are not 
sustained after initial implementation; in other words, a lasting adoption is crucial. While 
the safety of direct use is predicated on functioning treatment plants, risk reduction in the 
informal sector will be largely based on the acceptance of safer irrigation or vegetable-
washing practices. As farmers or traders might not see direct beneﬁts in changing 
their behaviour, studies are needed to understand local knowledge and perceptions to 
suggest possible positive or negative incentives and social marketing approaches to 
promote recommended practices with the highest potential for local adoption. These 
challenges and options are not addressed in the current WHO Guidelines.
Integrated and comparative risks assessment beyond wastewater use
A key challenge is to think out of the wastewater box. There is a large variety of faecal–
oral contamination pathways leading to diarrhoeal diseases (Fewtrell et al., 2007) of 
which this volume addresses just a few. Decision-makers, however, are looking at the 
larger picture of all the contributory risk factors. For them the key question should be 
‘Which risk factors and pathways in my city are likely to cause a diarrhoeal outbreak and 
public-health crisis?’ To address this, it is necessary to compare the risk contribution 
from different sources and identify target-oriented mitigation measures, and then to 
evaluate those which most cost-effectively prevent diarrhoea, given prevailing resource 
constraints. The consumption of wastewater-irrigated vegetables might not be the most 
important hazard in this regard and, while this might be good news for the wastewater 
sector, it does not diminish the importance of the sanitation crisis.
POLICY AND GOVERNANCE IMPLICATIONS
It is clear from the legacy of failed and costly sanitation strategies that the ‘one 
size ﬁts all’ risk-mitigation approach is no longer appropriate for many countries. 
Based on this experience, which is reﬂected in the assessments included in this 
volume, WHO encourages a step-by-step incremental approach to the beneﬁcial 
and safe use of wastewater whereby each step not only reduces risk but also builds 
the capacity of institutions to be able to methodically move forward to the next 
phase of wastewater and associated risk management. The incremental achievement 
of health-based targets can become visible through the gradual physical expansion 
of a sewer system, but equally through increasing political will for continuous 
investments in the health and sanitation sector.390  CONCLUSIONS AND OUTLOOK
However, to date the return on investment in wastewater treatment has had 
limited impact in the face of rapidly changing urban demographics and poverty. 
Investments in technologically complex treatment processes and policies have failed 
due to ill-planned, badly operated and badly managed facilities, under-resourced 
institutions, limited human-resource capacity and severe ﬁnancial challenges. For 
example, a review of almost 200 wastewater treatment plants in Brazil – a relatively 
well-developed economy – has found that most are unreliable and prone to failure 
(Oliviera and von Sperling, 2008). The situation in sub-Saharan Africa is more 
severe. In Ghana, only 10 per cent of the approximately 70 wastewater and faecal-
sludge treatment plants identiﬁed in the country still worked as planned and, even 
if all were working, less than 10 per cent of the urban wastewater would be treated 
(IWMI, unpublished). It is also clear that the lack of appropriate sanitation has 
health and cost implications. The Water and Sanitation Program of the World Bank 
has produced research illustrating that in the Philippines, Vietnam, Cambodia 
and Indonesia, US$9 billion are lost annually due to inadequate sanitation. This 
amounts to 2 per cent of their combined gross domestic product (Water and 
Sanitation Program, 2007). 
As already noted in the context of beneﬁcial wastewater management and 
use, health-risk reduction will require a combination of treatment and post-
treatment options. Treatment, where feasible, is the ideal option but requires 
adequate planning and the selection of appropriate technology options. There 
are examples of middle-income countries, such as Mexico, Jordan and Tunisia, 
that have embarked on planned reuse, based on treatment. However, the pace 
is ultimately, if inadvertently, set by the case of intensive, commercially based 
agricultural economies such as California, which has invested huge amounts of 
funding in building, operating and maintaining a network of wastewater treatment 
plants. Furthermore, it is estimated that over the next 20 years, US$20 billion will 
be required to fund that state’s planned infrastructure capital costs and maintain 
the existing network – 210 times the amount currently budgeted for the purpose 
(Food and Water Watch, 2008). It is worth adding that water infrastructure and 
treatment is among the least ﬁnancially autonomous of all infrastructures when 
compared to telecoms, electricity, etc. (Serageldin, 1994), although ﬁnancial 
studies have yet to be undertaken on the full beneﬁts of water and wastewater 
infrastructure. Calls to fund and expand treatment in low-income countries must 
be matched with the ground reality and precious resources must be invested wisely 
to maximize the beneﬁts to public health. Effective risk management requires a 
more graduated, methodical approach that integrates new actors in the wastewater-
management process from the treatment plant to the farm and the consumer. The 
right combination of wastewater-treatment process and risk-management strategies 
remains the target. 
We recognize that the situation of high sewerage coverage and related wastewater 
treatment is – at least in the short term – difﬁcult to achieve in many resource-
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such as water-saving ecological sanitation technologies, become implementable at a 
larger scale and reduce the general need for sewerage and pressure on treatment. 
This would have multiple beneﬁts as the troubling economic reality in the 
global economy is likely to exacerbate an already problematic situation when it 
comes to pollution control in low-income countries. The reduction of credit for 
bank lending for capital investment, an unstable bond market for governments 
and the anticipated decline in donor funds available will increase stress on the 
management of wastewater in fast-growing cities worldwide. We also recognize 
that the cost for sanitation, estimated by the UN Development Programme for 
low-income countries to range from 3–15 per cent of gross national product 
(United Nations, 2005) as a result of using a conventional approach, is very high 
and in many cases it will simply not be achievable. Under these circumstances, 
the most cost-effective way to signiﬁcantly reduce the risks from wastewater 
irrigation remains the application of an integrated multiple-barrier risk-reduction 
approach such as presented in the WHO Guidelines and further developed in 
this volume.
Another advancement in thinking on wastewater management is that key actors 
in the management of wastewater also include farmers, traders, food caterers and 
consumers. For this added human contribution to be effective, behaviour-change 
will be required at all stages. While emerging research on the value of wastewater 
will broaden our knowledge of how economic incentives can modify behaviour, it 
is a fact that, to adopt safer practices, some along the ‘wastewater chain’ will need 
to do so without any obvious personal or business advantage. From a national 
planning perspective, this may be more difﬁcult to implement and sustain than 
to have wastewater treatment as the principal strategy to mitigate health risk in 
this area. The challenge lies in effective awareness creation, and use of incentives 
and regulations. This implies the continued need for additional research on risk 
perceptions and drivers of appropriate technology adoption (see Box 19.1). 
The options outlined in this volume – such as modifying irrigation practices, 
produce-washing and other forms of behavioural change – require concerted effort, 
but are less expensive than a complex treatment infrastructure and do result in 
considerable risk mitigation. For these reasons, the incremental approach suggested 
by the WHO Guidelines is of critical importance and post-treatment options will 
be of continued value. 
Needless to say, a graduated approach to improving risk management will 
require signiﬁcant investments in building capacity. A minimum commonsense 
requirement – and one that is rare given the numerous jurisdictional overlaps 
commonly seen – is that one agency or ministry be placed solely in charge of 
regulating wastewater management, coordinating reuse operations with the other 
concerned departments or ministries and directing investments in the sector. 
Given the lack of suitable governance responses at the moment, one should not 
overestimate the ability of national and local governments to respond to the 
WHO Guidelines in low-income countries. A renewed effort to tie the WHO 392  CONCLUSIONS AND OUTLOOK
BOX 19.2 THE ACCRA CONSENSUS:  
AN AGENDA FOR RESEARCH, CAPACITY BUILDING  
AND ACTION ON THE SAFE USE OF WASTEWATER  
AND EXCRETA IN AGRICULTURE
To address key research challenges concerning health-risk assessment, risk mitigation 
and wastewater governance in developing countries, an expert consultation was held 
on 6–9 October 2008 in Accra, Ghana. The event was hosted by the International 
Water Management Institute, the International Development Research Centre and the 
World Health Organization as a follow-up to the consultation resulting in the Hyderabad 
Declaration (see above). The meeting brought together over 50 researchers, practitioners, 
agency staff and decision-makers and concluded with the following statement:
Rapidly expanding cities, escalating water scarcity, food supply and 
livelihood needs, particularly in low-income regions, are all driving 
the increasing demand for untreated and treated wastewater and 
excreta for agriculture. Although much progress has been made in our 
understanding of these issues since the ‘Hyderabad Declaration’ of 
2002, signiﬁcant challenges remain to make the use of wastewater and 
excreta in agriculture safe, economically productive, and sustainable.
We – an expert group from 30 international, regional, and national 
research institutes, multilateral and bilateral bodies, and universities 
based in 17 countries – emphasize the need to support policy-makers 
around the world to make informed decisions that lead to cost-
effective interventions that improve public health, promote sustainable 
sanitation, protect the environment, and support food security and 
economic development.
Achieving this goal requires consolidation of information on the 
science and practice of wastewater and excreta use, and well-targeted 
research to address gaps in the evidence base needed to support 
informed decision-making. Therefore, we propose the following multi-
disciplinary agenda for action:
Guidelines to practice and existing wastewater governance systems will be a critical 
requirement in the coming years of development in this ﬁeld. 
Our collective understanding of wastewater use in agriculture has never 
been greater or more nuanced than it is now. The Accra Consensus (Box 19.2) 
demonstrates the growing understanding of the importance of a multifaceted 
response to address the complexities of water pollution and its impacts on food 
production and consumption. A combination of biophysical science, social, 
economic and policy analysis, and good politics and governance are required in 
order to reduce the impacts of wastewater-related health risks in the most effective 
way and to obtain win–win solutions from the sanitation, water and food crises 
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1  Integrate health and economic impact assessments to determine 
the actual contribution of wastewater and excreta use to the burden 
of disease, particularly in low-income settings, and to prioritize 
interventions to improve health and livelihood outcomes.
2  Facilitate the adoption of the 2006 World Health Organization 
guidelines for the safe use of wastewater, excreta and greywater 
in low-income settings through the development and application 
of appropriate local practices and standards that take into account 
local capacities and resources. Speciﬁcally:
•  Fill data gaps on levels, transmission, persistence, and reduction 
of key pathogens along the environmental pathways from faecal 
origin to human exposure, and measure disease incidence 
among those exposed.
•  Rigorously evaluate – in multiple geographical contexts – a 
range of wastewater and excreta treatment approaches and 
other risk-mitigation strategies for their cost-effectiveness and 
impacts on health, livelihood and the environment.
•  Increase human, institutional and technical capacities in low-
income settings to: 
–  Detect important pathogens in human and environmental 
samples
–  Design and operate wastewater and excreta treatment 
systems that can be maintained in their ecological and 
economic  context,  and  thereby  support  the  safe  and 
productive use of wastewater and excreta in agriculture
–  Develop and support effective participatory governance 
mechanisms for sustainable sanitation design and operation 
and safe and productive wastewater and excreta use.
4  Facilitate the exchange of information on best practices, including 
successful risk assessment and mitigation strategies, among 
partners around the globe through national and regional knowledge 
hubs and web-based data banks.
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